Medical Library 


oct 1 1943 
VOLUME 37 No. 2 


THE 


BIOCHEMICAL 
JOURNAL 


Edited for 
THE BIOCHEMICAL SOCIETY 


Editorial Board 


S. J. COWELL E. J. KING 
F. DICKENS B.C. J. G. KNIGHT 
R. A. KEKWICK A.R. TODD 

F. G. YOUNG (Chairman) 


CAMBRIDGE UNIVERSITY PRESS 
ENGLAND 


Price 12s. 6d. net 





The Biochemical Journal is conducted by the Biochemical Society and is published by 
the Cambridge University Press. Under present conditions the parts of each volume will 
not necessarily appear at regular intervals but will be issued as frequently as possible. 
During 1943 it is hoped that six parts will be published. 


The Biochemical Society was instituted solely for the advancement of the Science of 
Biochemistry, and holds meetings at different centres for the communication of original 
papers, and for the discussion of current problems. Persons interested in Biochemistry 
are eligible for election. Members whose subscriptions are not in arrears are entitled to 
receive the Biochemical Journal without further payment. Further information may be 
obtained from the Hon. Secs., Dr W. T. J. Morgan, Lister Institute, Chelsea Bridge Road, 
London, §8.W.1, and Dr W. Robson, Dept. of Physiology, King’s College, Strand, London, 
W.C. 2, or from the Hon. Treas., Mr J. Addyman Gardner, 35 Bullingham Mansions, Church 
Street, London, W.8. 


Subscriptions to the Biochemical Journal. For non-members of the Biochemical Society 
the subscription to the Biochemical Journal is £3. 10s. 0d. per volume, payable in advance 
to the Cambridge University Press, Bentley House, 200 Euston Road, London, N.W. 1, to 
Mr J. Addyman Gardner, 35 Bullingham Mansions, Church Street, London, W. 8, or to any 
bookseller. In the United States of America the Journal may be purchased from the 
University of Chicago Press, 5750 Ellis Avenue, Chicago, Ill., the American agents of the 
Cambridge University Press for the sale of the Biochemical Journal. 

Communications respecting the sale of single issues or back numbers of the Journal 
should be addressed to the Cambridge University Press, Bentley House, 200 Euston Road, 
London, N.W. 1. 

Claims for the replacement of Journals lost in transmission will not be entertained if 
they are received later than three months after the date of the posting of the Journal. 


Prices of back numbers of the Journal. 


In paper covers 


Volumes I-VI. 31s. 6d. net per vol. 

Volumes VII-X. (Out of print.) 

Index of Authors and Subjects 
in Volumes I-X. 5s. 3d. net. (By post, 5s. 5d.) 

Volumes XI-XVI. (Out of print.) 

Volumes XVII-XVIII. 60s. net per vol. 

Volume XIX. (Out of print.) 

Volumes XX-XXV. 60s. net per vol. 

Volumes XX VI-XXXVI. 70s. net per vol. 

Index of Authors and Subjects 10s. net. (By post, 10s. 4d.) 
in Volumes XI-XX. 


Binding. Quotations can be given by the publishers for bound copies of back numbers; 
also for buckram binding cases, and for binding subscribers’ sets. 








The Committee have resolved that the following extract from the programme of the 224th meeting of 
the Society should be placed on permanent record in the Journal 


THE RESIGNATION OF PROFESSOR HARINGTON FROM THE POST OF SENIOR EDITOR 


At the meeting of the Society at Oxford on 
26 September 1942, the Chairman of the Meeting, 
Prof. R. A. Peters, spoke of Prof. Harington’s im- 
pending resignation from the post of Senior Editor 
of the Biochemical Journal and reviewed the ex- 
cellent service that Prof. Harington had given to 
the Society over a period of 15 years. 

The Chairman then called upon Prof. F. G. Young, 
who moved the following formal resolution of thanks 
to Prof. Harington: 


‘The Members of the Biochemical Society have 
learned with regret of the impending resignation of 
Prof. C. R. Harington, F.R.S., from the post of 
Senior Editor of the Biochemical Journal on his 
- appointment as Director of the National Institute 
for Medical Research (Medical Research Council). 
They recall with gratitude that Prof. Harington 
has served continuously on the Committee of the 
Society for the past 15 years, first as an Ordinary 
Member of the Committee (1927-9), then as Joint 
Honorary Secretary (1929-30), and since 1930 as an 
Editor of the Biochemical Journal. From January 
1938, until the present time, Prof. Harington has 
filled the onerous position of Senior Editor, with 
chief responsibility for the production and editing 
of the Journal. The Members of the Society appre- 
ciate that such continuous and responsible service on 


their behalf has absorbed a substantial proportion of 
Prof. Harington’s time and energy during the past 
many years, and they wish to express their sincere 
gratitude and thanks for this unselfish devotion to 
the interests of the Society over so long a period. 

‘Although the Members of the Biochemical 
Society greatly regret the necessity of Prof. 
Harington’s resignation from the Editorship of the 
Journal, they nevertheless wish to express their 
sincere congratulations on the appointment which 
has deprived the Society and the Journal, for a 
time at least, of his more active services. They are 
sensible that his appointment denotes not only the 
eminence of Prof. Harington in his many fields of 
interest, but also the ever-growing importance of 
the subject of Biochemistry. 

‘The Members of the Biochemical Society wish 
therefore to record their deep sense of gratitude for 
Prof. Harington’s sustained devotion to the interests 
of the Society during the past years, to express 
their heartfelt congratulations on his appointment 
to a position of eminence in the field of Medical 
Research, and to convey their sincere good wishes 
for the years to come in the position of great 
responsibility which he now assumes.’ 


The resolution was adopted by the Meeting 
unanimously and with acclamation. 


Obituary Notice 


WILLIAM JOHN YOUNG (1878-1942) 


Prof. W. J. Young, an original member of the 
Biochemical Society, died in Melbourne on 14 May 
1942 after an operation for perforated gastric ulcer. 

William John Young was born in Manchester on 
26 January 1878 and was educated at the Hulme 
Grammar School and at Owens College where he 
specialized in chemistry and was awarded the M.Sc. 
degree of the Victoria University. 

In 1901 he was appointed as assistant to Dr 
Arthur Harden at the Jenner Institute and thus 
began the long and fruitful association with Harden 
which was to add so much to our knowledge of the 
biochemistry of carbohydrates. 

At that time Buchner’s recent discovery of cell- 
free fermentation by yeast juice had focused atten- 
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tion on the behaviour of this organism, and Harden 
and Rowlands were engaged in studying its auto- 
fermentation. Young joined them and continued 
to work with Harden on the carbohydrates of yeast 
until he left the Lister Institute for Australia in 
1912. 

The six papers published in the T'ransactions of 
the Royal Society between 1906 and 1911 contain 
the story of the fundamental contribution of these 
authors to our knowledge of carbohydrate meta- 
bolism. Their outstanding discovery was the part 
played by phosphorylation in carbohydrate break- 
down and the necessity for the intervention of both 
phosphate and co-enzyme in the process. It was 
Young who in 1907 isolated the barium salt of a 
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hexose-diphosphoric acid, and to Harden and 
Young we owe the conception of the co-ferment as 
a substance comprising both the phosphate radical 
and an organic residue of unknown structure 
capable of passing on the phosphate radical to the 
sugar molecule. 

In temperament the two colleagues differed 
greatly, Young’s enthusiastic nature contrasting 
with the reserve and caution which were character- 
istic of Harden. Young was an active partner in 
the work and certainly played no inconsiderable 
part in its development. 

In 1912, a new Institute of Tropical Medicine had 
been established at Townsville, Australia, and a 
selection Committee was appointed in London 
under the Chairmanship of Dr C. J. M. Martin to 
appoint certain members of the Staff of the new 
Institute. Young was chosen as the Biochemist, 
and in 1912 Dr and Mrs Young with their daughter 
Sylvia left London to make a new home in Australia. 
Whilst at Townsville, Young took up the question 
of the alteration in metabolism produced by resi- 
dence in the tropics, and some new observations 
were recorded in a series of papers published be- 
tween 1915 and 1920, chiefly in the Annals of 
Tropical Medicine and Parasitology. In 1919, in 
collaboration with Dr Breuil, pathologist at the 
Institute, an interesting paper on Tropical Australia 
and its Settlement was written and appeared in the 
Medical Journal of Australia. 

Chiefly owing to the exertions of Prof. W. A. 
Osborne, who had just left Townsville to take up 
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the Chair of Physiology at Melbourne University, 
a Lectureship in Biochemistry was established at 
that University and offered to Young: somewhat 
later a Chair in Biochemistry was founded to which 
Young succeeded. 

In Melbourne, Young’s time was chiefly devoted 
to teaching; he was responsible for the instruction 
in this subject of students in the faculties of agri- 
culture, dentistry, medicine, science and veterinary 
science; he built up a fine department, and in it 
were also carried out various investigations for 
the Government, two of especial interest dealing 
with the storage of fruit and the ripening of 
bananas. 

Young was a man interested in many aspects of 
life. He was widely read in English literature, with 
a good knowledge of the drama of the Elizabethan 
age; he was also an expert but entirely self-taught 
cabinet maker. Whilst at the Lister Institute, he 
took up golf with his usual zeal and was to be found 
on summer evenings assiduously practising at 
Wimbledon Park. His colleagues at the Lister 
Institute remember him as an excellent friend, 
always good-tempered, interested in everything, 
and generally ready to argue on either side of the 
topic under discussion. 

Within a period of two years the Biochemical 
Society has to mourn the loss of Harden, Robison 
and Young, the three men who did so much to 
unravel the mysteries of carbohydrate chemistry 
and to throw open this fruitful field to later 
investigations. I. S.-M. 


The Vitamin A Content and Toxicity of Bear and Seal Liver 


By K. RODAHL anp T. MOORE, From the Dunn Nutritional Laboratory, University of Cambridge, 
and Medical Research Council 


(Received 23 October 1942) 


It has long been known among Eskimos and arctic 
travellers that the ingestion of polar-bear liver by 
men and dogs causes severe illness. It has also been 
reported that the liver of a certain seal (Phoca 
barbata) is poisonous, although opinion on this point 
is less unanimous. 

Richardson [1861] recounts that when members 
of an expedition led by Barentzoon to Novaya 
Zembla in 1596 ate bear liver they all became ill. 
In three cases the illness was severe, with loss of 
skin from head to foot. Another early account of 
the phenomenon was given by Kane [1856], who 
experimented with bear liver and found the inci- 
dence of the poisoning to be inconsistent. On two 
occasions the whole company on a journey became 





sick after eating bear liver, but in other instances 
there were no ill effects. According to Koettlitz 
[1897], several members of an English expedition 
to Franz Josef Land, 1894-7, ate polar-bear liver 
and all suffered in consequence. Lindhard [1913] 
has also reported poisoning among members of 
another expedition. A bear was shot which, al- 
though thin, appeared to be healthy, and on the 
following day a stew was prepared from the liver, 
heart and kidneys. Although the heart and kidneys 
of bears had often been eaten without ill effects, the 
19 men who partook of the stew all became sick. 
The first signs of distress occurred in two victims 
2-4 hr. after the meal, and most of the others be- 
came ill during the night. The symptoms described 
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were drowsiness, sluggishness, irritability or irre- 
sistible desire to sleep, and severe headache and 
vomiting. During the second 24 hr. the skin of 10 
out of 19 of the patients began to peel around the 
mouth, beginning in spots and gradually spreading 
over larger areas. In some cases the peeling was 
confined to, the face, but in several it was general. 
Lindhard also described three other cases in which 
the skin peeled from head to foot after eating bear 
liver. The Norwegian explorer Nansen [1924] has 
mentioned that on two occasions he ate small 
amounts of bear liver without ill effects. It seems 
probable therefore that the poisonous effects only 
occur when large quantities are consumed. The 
most recent cases of poisoning have been described 
by Doutt [1940]. 

During a recent expedition made by one of us to 
north-east Greenland, 1939-40, specimens of polar- 
bear liver were collected with a view to identifying 
the toxic substance. On chemical and biological 
examination these specimens were found to be very 
rich in vitamin A, as also was a specimen of liver 
from P. barbata. It seems probable that this high 
concentration of vitamin A is the cause of toxicity, 
and that the ingestion of more than small amounts 
of liver leads to hypervitaminosis A. 


METHODS 


Vitamin A estimations. Specimens were brought 
from Greenland preserved in brine. Small portions 
were digested with alkali, and vitamin A was ex- 
tracted according to the technique described by 
Davies [1933]. Vitamin A was then estimated by 
the SbCl, method, using a factor of 0-6 for the 
conversion of blue units into international units 
[Moore, 1937]. The first bear liver to be examined 
was taken from a 2-year-old female and contained 
18,000 i.u./g. of wet material. A second specimen 
was taken from a 4-year-old male, and also con- 
tained 18,000 i.u./g. From a third specimen a value 
of 13,000 i-u./g. was obtained. A single specimen 
of seal liver contained 13,000 i.u./g. In biological 
tests groups of rats were given the liver oils in doses 
calculated to be equivalent to either 2-6 or 10-3 i.u. 
daily; other animals were given the international 
standard carotene at the same level. The weight 
increases observed were as follows: 


Calcu- Meanwt. Approx. 
lated increasein  i.u./g. 
dailydose 28days liver by 
lu. (g.) biol. test 
Seal-liver oil 2-6 25 14,000 
(Phoca barbata) 10-3 48 12,000 
Bear-liver oil (no. 1) 2-6 29 26,000 
(Ursus maritimus) 10-3 56 24,000 
Carotene 2-6 23 _ 
10-3 47 _ 
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Since only a few rats were used (usually 3 males 
per group) these results do not allow accurate inde- 
pendent estimates to be made of the vitamin A 
contents of the livers. It is obvious, however, that 
they agree with the high contents found by the 
SbCl, method. 

Tests for toxicity. According to Jackson [1899], 
V. Harley, of University College, London, examined 
bear liver in order to find the reason of its toxicity. 
Intraperitoneal and subcutaneous injections of alco- 
holic, ethereal and aqueous extracts had no toxic 
action on dogs and guinea-pigs, and a dog given an 
aqueous extract by mouth was also unaffected. Two 
mice died 3 days after subcutaneous inoculation 
with an ethereal extract, but the result was possibly 
accidental. Mice were unaffected by injections of 
alcoholic and aqueous extracts. 

The very high content of vitamin A in the liver 
suggested that it might give rise to hypervita- 
minosis A if eaten in more than small amounts. 
This condition was first described by Takahashi, 
Nakamiya, Kawakimi & Kitasato [1925], and has 
since been investigated by many workers. Although 
it is not quite certain that vitamin A itself is 
poisonous, the toxicity is at least closely associated 
with the vitamin in its concentrates. In our labo- 
ratory the lesions produced have varied remarkably 
according to the size of the rat and the magnitude 
and duration of the overdosage. Skin lesions, 
ranging from a slight roughening of the hair to 
seborrhoea and alopecia, are common at all ages. 
When the vitamin is given in the form of drops of 
concentrate into the mouth, peeling of the skin at 
the corners is frequently observed. There may be 
enteritis, emaciation and pneumonia. More specific 
lesions, however, are softening and fracturing of the 
bones, seen most frequently in growing rats, and 
profuse and sudden internal haemorrhage, often 
seen in adult animals. In one series of experiments 
a dose of 30,000 i.u. vitamin A daily in the form of 
halibut-liver oil was found to be definitely excessive 
for rats of about 200g. body weight, invariably 
causing roughening of the skin, and occasionally 
death through haemorrhage. 

The liver tested for toxicity in the present experi- 
ments was from the 2-year-old female bear. Al- 
though a value of 18,000 i.u. of vitamin A/g. had 
originally been obtained the portions now tested 
contained only 10,000 i.u./g. Carefully planned tests 
were difficult because of the reluctance of the rats 
to eat the liver. We have observed the same dis- 
inclination in rats when given the livers of other 
rats which had been allowed to accumulate very 
high reserves of vitamin A. One rat ate a total of 
33-1 g. of the bear liver during a period of 22 days, 
an amount containing an average of 15,000 i.u. of 
vitamin A/day. It became anaemic and the hind 
legs were paralysed. When moribund it was killed. 
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At autopsy, the profuse internal haemorrhage 
typical of hypervitaminosis A was found, particu- 
larly under the skin, but also in the pericardium. 
Another rat ate 5-3 g. of liver during a period of 
9 days. It then accidentally cut a paw on the side 
of the cage and bled to death. On superficial 
examination the wound appeared too slight to have 
caused death in a normal animal. Another rat ate 
24 g. of liver in 22 days without any ill effects. Two 
other rats which received smaller doses were also 
unaffected. 

Attempts to fractionate the liver into toxic 
and non-toxic constituents were unsuccessful. An 
aqueous extract of the liver, and also the residue 
obtained after the removal of most of the vitamin A 
from the liver by extraction with alcohol, were 
readily consumed without ill effects, in amounts 
corresponding to 1-2 g. of fresh liver daily. Two 
rats given the residue after aqueous extraction of the 
liver, however, also sustained no injury, although 
almost all the vitamin A was contained in this 
fraction. It is probable that the absence of ill effects 
was due to the refusal of the animals to accept the 
liver in amounts sufficient to poison them. 


DISCUSSION 


It is questionable what factor should be taken to 
convert doses used for rats to the corresponding 
doses for man, but the ratio of 75 taken from the 
relative food intakes of the 100g. rat and 70 kg. 
man would seem reasonable. If we take 100,000 i.u. 
of vitamin A as sufficient to cause immediate illness 
in the rat, then about 7,500,000 units should cause 
illness in man. This amount would be present in 
375 g. of bear liver containing 20,000 i.u. of vita- 
min A/g., not an excessive portion to be eaten at a 
single meal. 

Some years ago Mr J. F. Ward of the Crookes 
Laboratories mentioned to one of us a case of pre- 
sumed poisoning through excessive halibut-liver oil 
consumption, which may be of interest in the pre- 
sent connexion. One of the men engaged in the 
manufacture of the oil took, without instruction, 
4-5 oz. daily. After 5 days he became severely ill, 
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the main symptom being giddiness. The ingestion 
of oil was then discontinued, and he rapidly re- 
covered, returning to normal in 8-10 days. The 
daily dose must have been about 6,000,000 i.u. 

In our tests with rats one animal succumbed with 
lesions specific for hypervitaminosis A. Other rats 
which ate’ almost as much of the liver showed no 
obvious sign of injury. If bear liver is toxic to the 
rat for any reason other than its high content of 
vitamin A, therefore, the amounts which must be 
eaten to cause poisoning must be so large as to 
render the animal liable to concurrent hypervita- 
minosis A. As far as can be concluded from experi- 
ments with rats, which may of course differ widely 
from man in their toleration of toxic substances, 
there seems no reason to look beyond vitamin A 
for the cause of toxicity in man ‘although there is 
good evidence for the presence of other toxic sub- 
stances in the tissues of arctic animals which would 
be unlikely to be rich in vitamin A. There would 
seem to be no objection to the use of preparations 
made from bear-liver oil as sources of vitamin A in 
therapeutic doses. 


SUMMARY 


1. Specimens of the livers of the polar bear and 
the seal, Phoca barbata, were found to be very rich 
in vitamin A. Three specimens of bear liver con- 
tained 18,000, 18,000 and 13,000 i.u./g. respectively 
of wet material. A specimen of the seal liver con- 
tained 13,000 i.u./g. 

2. The ingestion of excessive amounts of bear 
liver by rats led in one instance to fatal hyper- 
vitaminosis A. Other rats which ate slightly smaller 
amounts of liver showed no obvious sign of injury. 
The well-known poisonous action of bear liver in 
man is probably due to its high content of vita- 
min A. 


Our thanks are due to Dr Vernon Booth and Mr Alan 
Davies for help in parts of the work, to Dr L. J. Harris for 
his valuable criticism, and to the Scott Polar Research 
Institute for library facilities. One of us(K. R.) is indebted 
to the Nansenfondet, Oslo, Freiafondet, Oslo, and Varekrigs 
Forskningsfond, Oslo. 
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Studies on Diffusing Factors 


2. METHODS OF ASSAY OF HYALURONIDASE AND THEIR CORRELATION 
WITH SKIN DIFFUSING ACTIVITY 


By D. McCLEAN, From the Lister Institute of Preventive Medicine, Elstree, Herts 


(Received 13 November 1942) 


Chain & Duthie [1940], who first described the 
association between diffusion in the tissues and the 
mucolyti¢ activity of testicular extracts, reported 
good agreement in quantitative comparisons of the 
diffusing and viscosity-reducing activities of en- 
zymes from many sources; they, as well as other 
workers, isolated a substance closely resembling 
hyaluronic acid from rabbit skin, which substance 
was acted on by thesé enzymes. On the other hand, 
Madinaveitia, Todd, Bacharach & Chance [1940] 
failed to obtain satisfactory correlation between 
diffusing and viscosity-reducing activities and sug- 
gested that it was not justifiable to assay diffusing 
factors in terms of their viscosity-reducing power. 
Hobby, Dawson, Meyer & Chaffee [1941] and Meyer, 
Chaffee, Hobby & Dawson [1941] studied the 
relationship between diffusing factors and hyaluro- 
nidase, and the character of these enzymes which 
were of bacterial and animal origin. The evidence 
these authors present indicates, that whereas hyalu- 
ronidase plays a part in the diffusion in tissues, the 
phenomenon is a complex one and cannot be 
explained on the basis of a simple chemical reaction. 
McClean & Hale [1941] pointed out that the en- 
vironmental conditions of the test in the skin and 
those in the viscosimeter differ profoundly, and 
that such variable factors as salt concentration and 
pH markedly affect the apparent viscosimetric titre 
of these enzymes. They concluded that although at 
present it is certainly unjustifiable to assay skin- 
diffusing activity in terms of viscosity-reducing 
activity, it does not follow that the two activities 
are due to separate agents. Moreover, they reported 
that the inclusion of purified hyaluronic acid in the 
culture medium of Cl. welchii caused a marked 
increase, not only in the viscosimetric titre of the 
culture filtrate, but also in its diffusing activity. 
The same result was obtained with streptococcal 
cultures [McClean, 1941]. In view of the recognized 
specificity of such ‘adaptive enzyme’ effects, the 
fact that the presence of hyaluronic acid in the 
culture medium increases the production of diffusing 
factors is evidence for the view that this pheno- 
menon is due to the activity of hyaluronidase. 
Hyaluronic acid, when mixed with serum protein, 
gives a typical mucin clot in the presence of acetic 
acid [Seastone, 1939]; after treatment of the mucin 


with mucinase, however, this reaction no longer 
takes place. This phenomenon was used by Robert- 
son, Ropes & Bauer [1940] to estimate the activity 
of the Cl. welchii mucinase, by observing the rate 
at which this primary degradation took place. It 
appeared that a comparative study of the activity 
of enzyme preparations from various sources with 
regard to three factors—inhibition of the precipita- 
bility of a hyaluronic acid-protein complex; reduc- 
tion in viscosity of hyaluronic acid; and diffusing 
power in the skin—would be useful in elucidating 
the relationship between the successive stages in the 
degradation of the substrate. This paper includes 
a study of the mucin-clot prevention (M.c.P.) test, 
and the correlation between three methods of assay 
based on the above factors. 


METHODS 


Preparation of substrate. In the earlier experiments 
hyaluronic acid was obtained from umbilical cords by the 
method described by McClean & Hale [1941], which depends 
upon precipitation of an aqueous extract with 3 vol. of 
ice-cold ethanol containing a trace of Na acetate. The final 
product contains about 7% total N. It was found, however, 
that if the alcohol is saturated with K acetate and brought 
to pH 9-10 with KOH, the hyaluronic acid can be precipi- 
tated by the addition of only 1-25 vol. This precipitate, 
which forms a characteristic stringy clot, is broken up and 
thoroughly washed with alcohol to remove the residual 
K acetate and KOH. It is then washed with ether and 
dried over P,O, in vacuo. This product contains considerably 
less protein than that derived by the original method and 
contains 4-8% total N, 2% P and 12% glucosamine. Its 
aqueous solution does not form a clot on the addition of 
acetic acid. 

A 1% solution of twice-crystallized serum albumen in 
physiological saline was used for the preparation of the 
mucin-protein complex, since serum may contain variable 
amounts of an inhibitor or even traces of hyaluronidase 
[McClean, 1942]. The albumen was kindly supplied by 
Dr R. A. Kekwick and prepared by his method [Kekwick, 
1938]. 

The substrate-protein mixture for use in the test is pre- 
pared as follows: 1 vol. hyaluronic acid solution is mixed 
with 1 vol. albumen solution; 2 vol. of distilled water are 
then added. The required strength of the hyaluronic acid 
solution for each batch of hyaluronic acid is determined by 
titrating representative enzymes with substrate-protein 
mixtures, prepared with both the original and the new 
substrate. The concentration of hyaluronic acid, which 


170 
gives the same end-point as that obtained with the original 
preparations, is used for all subsequent tests. It is found 
that the required concentration varies from 0-15 to 0-25% 
in distilled water. Solution of the hyaluronic acid is facili- 
tated if the bottle is placed at 37° for 2-3 hr. and shaken 
occasionally. Stock solutions of hyaluronic acid and of 
albumen are kept in the refrigerator under toluene. The 
viscosity of hyaluronic acid solutions falls slowly on storage; 
solutions in which this fall has exceeded 5% of the original 
viscosity should not be used for the test, since it is known 
that the partially depolymerized substrate inhibits the 
activity of the enzyme. 


Technique of the test. The test is performed at 100, 
50 or 20% differences in dilution of the enzyme, 
but it is usual to do a preliminary test at a tenfold 
dilution to ascertain the approximate end-point of 
activity. The appropriate dilutions of the enzyme 
sample to be tested are made in a final vol. of 0-5 ml. 
distilled water. In order to obtain reproducible 
results if a final test at 20% differences is made, it 
is necessary to make these dilutions in bulk, say 
10 ml., and to transfer 0-5 ml. amounts of the 
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present in considerable excess are clear. The highest 
dilution of the enzyme showing no clot or threads 
is taken as the end-point of activity. 


Influence of concentration of substrate 
on apparent titre of enzyme 


A preliminary test with an unpurified culture 
filtrate of Cl. welchii indicated that the apparent 
potency of the enzyme varies inversely with the 
concentration of the substrate mixture. This varia- 
tion depends upon the concentration of the poly- 
saccharide and, within wide limits, is independent 
of the concentration of protein. Observations were 
then repeated with purified enzyme derived from 
testis and from Cl. welchii. Substrate mixtures were 
prepared containing (1) double the usual concentra- 
tion of polysaccharide and albumen, (2) the usual 
concentration, and (3) half the usual concentration. 
The salt content of the mixture was kept constant. 
The results are shown in Table 1. 


Table 1. The influence of concentration of substrate on apparent potency of purified hyaluronidase 


(a) Purified testis’enzyme 


Double cone. substrate + 
Usual cone. substrate + + 
Half cone. substrate + 


(6) Purified Cl. welchii enzyme 


1:50 1: 100 
Double cone. substrate — + 
Usual cone. substrate - + 
Half cone. substrate -- + 


+ Complete reaction; no clot or threads. 


dilutions to the tubes for test. 1 ml. of the substrate 
protein mixture is added to each tube, including 
the control, starting from that tube containing the 
highest dilution of enzyme. The test mixtures are 
incubated for 20 min. at 37°. It is important that 
the period of incubation should be accurately con- 
trolled. Immediately after incubation the tubes are 
cooled in ice-cold water, to arrest enzymic activity 
and to assist clot production on the subsequent 
addition of acetic acid. After 5 min., 0-2 ml. 2N 
acetic acid is added to each tube. The tubes are 
held up to the light and gently shaken. The control, 
and those tubes containing little enzyme, show the 
development of a characteristic stringy clot which 
contracts on standing. One or two tubes with con- 
centrations near the end-point may show a few 
threads, or some precipitate. Those tubes in which 
the enzyme has attacked the substrate show no clot 
or precipitate, and those in which the enzyme is 


+ Partial reaction; threads only. 


Dilution of enzyme 


1: 2000 1 : 4000 1:8000 1:16,000 1: 32,000 
+ 0 0 0 0 
+ ~ + 0 0 
+ + + + 0 

Dilution of enzyme 

1: 200 1: 400 1: 800 1: 1600 1 : 3200 
+ 0 0 0 0 
+ + + 0 0 
+ - + + 0 


0 No reaction; unmodified clot. 


It will be seen that, within the limits of accuracy 
of this particular test, which was done at only two- 
fold dilutions of the enzyme, the apparent potency 
of both enzymes is inversely proportional to the 
concentration of the substrate mixture. This con- 
firms the observation of Robertson e¢ al. [1940] as 
to the influence of substrate concentration upon 
this manifestation of enzymic activity, and con- 
trasts with the results obtained by Madinaveitia & 
Quibell [1940] and McClean & Hale [1941], using a 
viscosimetric technique; the latter workers reported 
that the reaction constant and the half-life time of 
the viscous substrate are constant for a fixed amount 
of enzyme, and independent of the concentration 
of the substrate, which indicates that, although 
the time taken to reach half-viscosity level remains 
constant, the time taken to carry the reaction to 
completion increases proportionally to the concen- 
tration of the substrate. 
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Rate of the reaction 


Table 2 shows the result of a preliminary experi- 
ment in which two streptococcal and two testicular 
enzyme preparations were titrated after incubation 
periods varying from 5 to 80 min. The diluted 
enzyme solutions were warmed for 5 min. in the 


Table 2. The influence of the period of incubation 
on the apparent titre of testicular and streptococcal 
hyaluronidase 


The figures indicate the highest dilution of enzyme which 
prevented the clotting of the substrate. 


Source of enzyme (dilution) 


n——___.kn S_ Oo ares 
Period Streptococcus 


of incu- C21 Streptococcus 
bation whole C7 
min. filtrate Testis purified Testis 
5 1: 320 1:10 1: 200 1: 1,000 
10 1: 320 1:20 1: 400 1: 2,000 
20 i: 640 1:20 1: 400 1: 4,000 
30 1: 1280 1:40 _— = 
40 1: 1280 1:40 1: 800 1: 16,000 
60 1 : 2560 1:80 —_ — 
80 vo —_ 1: 1600 1 : 64,000 


bath at 37° before the addition of previously warmed 
substrate mixture. At the end of the period fixed 
for incubation the racks were transferred to ice-cold 
water. These tests showed that the reaction was still 
proceeding rapidly at 20 min. and, in fact, that 
there was no noticeable lag even after 80 min. It 
seemed, therefore, that the empirically selected 
incubation time of 20 min. satisfies the demand 
that results should be read at a time when the 
reaction is still proceeding at the initial velocity. 
This period has the further advantage that it is the 
same as that used when assaying enzymes viscosi- 
metrically and by diffusion in the skin. 

A series of observations were made in which, after 
preliminary titration, 5 ml. of the appropriate en- 
zyme dilution were mixed with 10 ml. of substrate 
mixture, both warmed before mixing, and samples 
of this mixture examined for clotting power at 
regular intervals. Four dilutions of each enzyme 
were tested in this way. In addition to the strepto- 
coccal and testicular enzyme preparations pre- 
viously tested, a crude Cl. welchit culture filtrate and 
a purified Cl. welchii enzyme were thus examined 
(see Table 3). 

It will be seen that the time taken to destroy the 
clotting power of the substrate is approximately 
proportional to the dilution of the enzyme, and this 
was true for all the enzymes examined. This method 
of titrating the enzymes did not appear to be as 
convenient, or as accurate, as that depending upon 
the determination of the highest effective dilution 
after a fixed period of incubation; the taking of 
samples is very time-consuming and, moreover, 
there is a variable period in which clotting power 
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is partially destroyed, as evidenced by the appear- 
ance of threads in the mixture. It is sometimes 
difficult to determine exactly when there are no 
threads present. For these reasons the fixed period 
of 20 min. incubation is preferred to the method of 
determining the time taken by one dilution of 
enzyme, which was used by Robertson e¢ al. [1940]. 


Table 3. The relation between the dilution of the 
enzyme and the time taken to destroy the clotting 
power of the substrate mixture at 37° 


The times shown in this table are those from the time of 
mixing enzyme and substrate to that at which the failure 
to form a typical mucin clot was noticed. Complete de- 
struction of clotting power was preceded by a variable 
period in which threads appeared in the substrate mixture. 


Purified testicular Streptococcus C7 


enzyme culture-filtrate 
No clot No clot 
Threads _ or Threads or 
Dilu- only threads Dilu- only threads 
tion of (time (time tion of (time (time 
enzyme min.) min.) enzyme min.) min.) 
1: 2,000 5 7 1: 200 4 6o0rl10 
1: 4,000 — 11 1: 400 12 16 
1: 8,000 20 22 1: 800 30 32 
1: 16,000 35 45 1:1600 55-60. 60-55 


Influence of temperature on the reaction 


Robertson et al. [1940] observed the influence of 
temperature on the rate at which a fixed weight of 


50 


Ww 
So 


Temperature ° 
by 
o 


1:1000 1:2000 1:3000 1:4000 1:5000 1:6000 1:7000 1:8000 
M.C.P. titre 


Fig. 1. Influence of temperature on the activity of purified 
testicular hyaluronidase. 


purified mucin was broken down by the enzyme 
obtained from Cl. weichii. They concluded that the 
rate of the reaction increased in proportion to the 
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increase of temperature from 0 to 40°, and that 
above 50° destruction of the enzyme took place 
rapidly. The figure obtained by them for K,) was 
1-75. 

A sample of purified testicular hyaluronidase was 
titrated by the routine M.c.P. test at various tem- 
peratures, the period of incubation for all these tests 
being 20 min. The results are shown in Fig. 1. In 
addition to these results, a test lasting 40 min. was 
carried out at 22° and one lasting 1 hr. 50 min. 
at 4°. It will be seen that there was no activity 
detectable during 1 hr. 50 min. at 4°, but that the 
apparent titre of the enzyme increased rapidly as 
the temperature was raised. The rate of this increase 
was greater at the higher temperature than would 
have been necessary to give a figure of about 2 
for K,,. There was no evidence of destruction of 
the substrate-protein mixture alone at the higher 
temperatures. 


Influence of concentration of salt on the reaction 


In the M.c.P. test already described the solvent 
is distilled water, except for the albumen portion 
of the substrate-protein mixture. Thus the final 
concentration of NaCl in the system is only 0-024M. 
It was desirable to determine the effect of increasing 
the salt concentration on the activity of the enzyme 
and the kinetics of the reaction. A preliminary 
experiment showed that, in the absence of enzyme, 
the substrate-protem mixture would not form a 
typical mucin clot if the concentration of salt was 
raised above 0-11M. A series of titrations of a 
purified testicular enzyme were then carried out, 
in which the NaCl concentration was raised from 
0-0024 to 0-1M, with the result shown in Table 4. 
The trace of NaCl present in the lowest concentra- 
tion was due to the salt present in the 10% stock 
albumen solution from which test solutions were 
made. 


Table 4. The influence of NaCl concentration on 
the M.C.P. titre of testicular hyaluronidase 


Cone. of NaCl Highest effective dilution 


M of enzyme 
0-0024 <1: 500 
0-017 1: 1,000 
0-033 1: 4,000 
0-07 ?1: 16,000 
0-11 ?1: 32,000 


The activity of the enzyme increases with salt 
concentration up to at least 0-1M, but the deter- 
mination of the end-point is obscured above 0-033 M@ 
by the development of a flocculent precipitate, on 
the addition of acetic acid, in those tubes containing 
the higher dilutions of enzyme. It appears, there- 
fore, that the salt concentration used in the routine 
test (0-024 M) is very near that at which maximum 
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activity of the enzyme combined with a clearly 
defined end-point is obtained. Robertson e¢ al. 
[1940] have already reported that the enzyme from 
Cl. welchii is inactive in the absence of salt, and 
that the activity increases as the concentration of 
various salts in the system is raised to 0-08M. It 
appears from the work of McClean & Hale [1941] 
and Madinaveitia & Quibell [1941], using a viscosi- 
metric technique, that the activity of the enzyme 
increases up to an optimum concentration of salt, 
which varies for the different enzymes examined 
from 0-1 to 0-3M. A further increase of salt causes 
a rapid fall in activity. Madinaveitia & Quibell 
further pointed out, that if the concentration of 
NaCl is reduced below 0-1M the reaction time is 
no longer inversely proportional to the concentra- 
tion of enzyme. 


Influence of pH on the reaction 


In the routine M.c.P. test, as described, no buffer 
is added and the reaction is carried out at approxi- 
mately pH 7-0. Preliminary tests showed that 
Mcllvaine’s citric acid-phosphate buffer solutions 
could not be used in a concentration stronger than 
0-5M without themselves inhibiting the clotting 
power of the substrate mixture. When diluted 
enzyme solutions are added to the system con- 
taining 0-5M buffer, over a range from pH 4:4 to 
8-0, it was found that the end-point of activity was 
obscured by the development of a flocculent pre- 
cipitate. Attempts to overcome this difficulty by 
the use of other buffer systems have been unsuc- 
cessful for the same reason and, in addition, the 
apparent titre of the enzyme at the same pH may 
vary owing to the inhibiting action of the ions in 
some of the systems employed. Control of the pH 
by the use of 0-1. N HCl and NaOH was unsuccessful, 
since the substrate mixture clotted spontaneously 
if the pH was reduced below 5-8. 


Limits of accuracy of the M.C.P. test 
at various dilution levels 


Observations were made to determine the stan- 
dard error of this test at different dilution levels. 
Repeated tests were made on the same purified and 
dried testicular enzyme in twofold dilutions, and at 
50 and 20 % dilution differences. The test in twofold 
dilutions was repeated 19 times and gave a constant 
end-point of 1/8000 with no detectable variation. 
When it was repeated 15 times at 50% differences 
in dilution, an end-point of 1/9000 was obtained 
in 11 tests, of 1/6000 in 2 tests and of 1/13,500 in 
2 tests. The standard error at this level is therefore 
approximately 25 %. The actual reading of the tests 
at this level is slightly more difficult than at twofold 
dilutions, since one or more tubes containing dilu- 
tions near the end-point have to be very carefully 
inspected to exclude the presence of a thread of 
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precipitate. The tests at 20% differences present 
the same difficulty in the determination of the end- 
point, and moreover, occasionally a tube containing 
a dilution of enzyme below the apparent end-point 
may show a trace of precipitate. The tests at this 
level, were, however, repeated 18 times with the 
following result: 


Difference 

No. of * End-point from mean 
tests (dilution) (%) 
11 1/8400 —_ 
4 1/6910 20 
2 1/10,000 20 
1 1/4800 40 


Seven out of 18 tests had a doubtful tube below the 
apparent end-point. The standard error of this test 
is 18%. 

If the results obtained at the 50 and 20% dilu- 
tion levels are combined we may conclude that the 
standard error of the test as done here is approxi- 
mately 22%, and therefore about two-thirds of the 
results will be within 22% of the true value, and 
20 out of 21 will be within 44% of this. 

When a probit/log-dose curve was fitted to the 
results from the 18 tests at 20 % dilution differences, 
by taking the 18 tubes at any one dilution as a 
group with a percentage response, it was found that 
the departure from linearity was significant in that 
higher dilutions gave a much steeper slope than 
lower ones. From this, it is clear that if, for example, 
the test were repeated 6 times on small groups of 
tubes, and the correct end-point taken as that of 
50% of the tests with readings restricted to below 
60%, the method of assay would be very delicate 
indeed. 

Substrate solutions showing any evidence of loss 
of viscosity (as described under ‘Methods’, p. 170), 
were not used for this test, and standard prepara- 
tions of the substrate and of the albumen were kept 
in the dry state for comparative tests. Under these 
conditions there was no evidence of variation in the 
sensitivity of the substrate mixture. Systematic 
observations have not been made to determine 
whether any change in the apparent titre of en- 
zymes is found, when these are retested after 
varying intervals of time, but chance observations 
on some of the dried purified enzymes tested at 
intervals up to 3 months do not indicate any signi- 
ficant variation. I am indebted to Dr C. W. Emmens 
of the National Institute for Medical Research, 
Hampstead, for the statistical examination of these 
results and for much valuable advice. 


The neutralization of the M.C.P. reaction by anti-sera 


The spread of bacterial diffusing factors in the 
skin can be inhibited by sera from rabbits im- 
munized with purified diffusing factors, which are 
free from detectable bacterial toxin [McClean, 1936]. 
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The anti-sera used contained no detectable anti- 
toxin. The serum prepared against the diffusing 
factor obtained from Cl. welchii inhibited the spread 
of the homologous factor, but hot that of the factor 
obtained from Vibrion septique (Cl. septicum), and 
vice versa. More recently [McClean & Hale, [941] 
it was confirmed that these sera also inhibit the 
viscosity-reducing, and hydrolytic, activity of the 
hyaluronidase obtained from the homologous or- 
ganisms. It was of interest to investigate the in- 
fluence of these sera on the M.c.P. activity of these 
enzymes, and to study the activity of sera prepared 
against enzymes from other sources. 

Technique. A fixed dilution of the anti-serum was 
tested against increasing dilutions of the enzyme. 
This was found to give a clearer end-point than the 
reverse method of titrating increasing dilutions of 
serum against a fixed dose of enzyme. 

Since the serum dilutions (1 : 10) were made with 
physiological saline the substrate-protein mixture 
was made up entirely with distilled water, in order 
to keep the salt content of the system the same as 
that of the routine M.c.P. test. Enzyme solutions 
were made at twice the concentration to be tested 
and then mixed with an equal volume of the diluted 
serum. Thus in the final mixture there was a con- 
stant 1 : 20 dilution of serum, mixed with increasing 
dilution of enzyme. The enzyme-serum mixtures 
were left at room temperature for 30 min. before 
the addition of the substrate-protein mixture and 
subsequently incubated at 37°. 

In each test controls were set up in which the 
enzyme was titrated in the absence of any serum, 
and also in the presence of correspondingly dilute 
normal serum. The activity of the sera was ex- 
pressed as the number of minimal clot-preventing 
doses of enzyme which would be neutralized by the 
undiluted serum. 

Gas gangrene anti-hyaluronidase sera. The sera 
prepared against the diffusing factor, which had 
been shown [McClean, 1936; McClean & Hale, 1941] 
to neutralize the diffusing, viscosity-reducing and 
hydrolytic activity of the extracts of Cl. welchii and 
Vibrion septique, were tested by the M.c.P. method. 
Of the two Cl. welchii anti-sera, one neutralized 
from 80 to 160 minimal m.c.P. doses of the homo- 
logous enzyme, and the other 160 to 200 doses. Of 
the two Vibrion septique anti-sera, one neutralized 
more than 100 doses of enzyme, and the other 
between 40 and 100 doses. It was not possible to 
test these Vibrion septique sera more accurately as 
no sufficiently potent enzyme from this source was 
available. 

There was no cross-neutralization of the Cl. 
welchii enzyme by Vibrion septique anti-serum or 
vice versa. 

Streptococcal anti-hyaluronidase sera. Groups of 
six rabbits were immunized with purified enzyme 
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obtained from group A type 4 and group C type 7 
streptococci. The culture filtrates were purified by 
adsorption on to alumina Cy and elution with 
Na,HPO, solution according to the method de- 
scribed by Madinaveitia [1939]. One of these crude 
filtrates, and the corresponding purified prepara- 
tion, was kindly examined by Dr E. W. Todd, of 
the L.C.C. Antitoxin Laboratories for streptolysin O. 
He reported that, whereas the crude filtrate con- 
tained considerable quantities of this haemolysin, 
none was detectable in the purified preparation. 
The group A and group C anti-sera were also tested 
by Dr Todd for antitoxin both before and after 
immunization. Unfortunately, the tests on the 
group C anti-sera did not give completely clear-cut 
results owing to deterioration of the sera during an 
interval elapsing before they were tested. There 
was, however, evidence of a slight increase in anti- 
haemolysin titre after the second course of injections 
over the figure to be expected for a similar group 
of normal rabbits. This result suggests that there 
may have been a small amount of haemolysin 
toxoid in the purified enzyme preparation. The 
sera from the group A rabbits all showed less than 
1 unit of anti-streptolysin O both before and after 
immunization. These results indicate that the 
group A purified enzyme preparations did not con- 
tain significant amounts of streptolysin O or the 
corresponding toxoid, and that their anti-hyaluron- 
idase activity could not be ascribed to any increase 
in anti-haemolysin. 

Tests for anti-hyaluronidase activity with the 
sera from the six rabbits immunized with the 
group C enzyme showed that after the first course 
of 7 injections they neutralized from 160 to 500 
minimal M.c.P. doses of the homologous enzyme; 
after the second course of 4 injections the sera 
from all these rabbits neutralized 750 or more doses 
of enzyme. The sera obtained from the animals 
immunized with the group A enzyme neutralized 
from 40 to 160 doses of enzyme after the first course 
of injection. Cross-neutralization tests showed that 
there is no neutralization of group A enzymes by 
group C sera or vice versa. On the other hand, 
neutralization tests carried out with enzymes from 
group C types 20 and 21 strains and the serum 
prepared against the enzyme derived from group C 
type 7 strain showed that this serum was equally 
potent against these enzymes. It appears, therefore, 
that in their present state of purification, these 
streptococcal enzymes are group- but not type- 
specific. 

Testicular anti-hyaluronidase sera. Through the 
courtesy of Dr Ungar of the Glaxo Laboratories a 
sample of rabbit serum, prepared against partially 
purified enzyme from bull’s testis, was obtained. 
This serum had been shown by Dr Ungar and his 
colleagues to inhibit the spreading activity in the 
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skin of the homologous testicular enzyme (private 
communication). Neutralization tests by the M.c.P. 
method were set up with this, against a purified 
enzyme derived from bull’s testis, a crude mouse 
testis enzyme, and bacterial enzymes derived from 
Cl. welchii, Vibrion septique, group A and group C 
streptococci. This serum neutralized 200 minimal 
M.c.P. doses of the homologous bull’s testicular 
enzyme, but showed no neutralizing activity against 
the enzyme from mouse testis nor any of the bac- 
terial enzymes. This anti-testicular serum was also 
tested viscosimetrically with the homologous en- 
zyme. A 1:10 dilution of the serum neutralized 
the activity of at least 7 viscosity-reducing units 
of this enzyme. 

It should be borne in mind that the apparent 
specificity of these anti-hyaluronidase sera, pre- 
pared from various bacterial enzymes and from 
testis, may be due to the partial purification of the 
enzymes used as antigens, and to the fact that these 
enzymes were still linked to some other bacterial or 
tissue component, which determined the specificity 
of the anti-sera. 


The relation between the M.C.P. reaction and 
viscosity reduction by the enzyme 


It was known that the highest dilution of a puri- 
fied testicular enzyme which would destroy the 
clotting power of a substrate protein mixture in 
20 min. would reduce the relative viscosity of the 
substrate only from 153 to 148 in that time. The 
dilution of this sample was 1: 100. When this 
sample of enzyme was tested viscosimetrically in 
a system containing the same amount of NaCl as 
the M.c.P. system, it was found to contain 16 
viscosity-reducing units (v.R.U.); by definition 
[McClean & Hale, 1941], 1 v.R.v. is that concen- 
tration of enzyme which will reduce the viscosity 
of a standard substrate preparation to a level half- 
way between its original figure and that of the 
solvent employed in 20 min. Thus the clotting 
power of the substrate mixture was destroyed in 
20 min. by a dilution of enzyme containing only 
0-16 v.R.u. It was of interest to determine how 
rapidly a solution containing 1 v.R.U. would prevent 
the formation of the clot. 

When the substrate mixture and a dilution of 
enzyme containing 1 v.R.U. were warmed separately 
to 37°, the capacity to form a typical mucin clot 
was destroyed in less than 1 min., threads only 
developing in a sample tested after 1 min. A 2 min. 
sample remained clear after the addition of acetic 
acid. These observations indicate that mucin-clot 
prevention is the first stage in the degradation of 
the substrate, and that this change can be detected 
before any appreciable fall in viscosity occurs. The 
fact that diffusion in the tissues can also be de- 
tected immediately, and occurs in high dilution 
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suggests that this phenomenon may be closely 
related to this primary stage in the degradation 
of the substrate. 


The combined influence of salt concentration and of 
pH on the viscosity-reducing activity of the enzyme 

It has been shown [McClean & Hale, 1941; 
Madinaveitia & Quibell, 1941] that the concen- 
tration of salt profoundly affects the viscosity- 
reducing activity of these enzymes and that this 
effect varies with enzymes from different sources 


. and with the nature of the ions present. The com- 


bined effect of salt concentration and pH was 
studied. Madinaveitia et al. [1940] reported their 
failure to obtain correlation between skin-diffusing 
and viscosity-reducing activities of several enzymes 
from different sources. Their viscosity estimations 
were, however, carried out at pH 4-6 in a final 
concentration of M/6 buffer solution, whereas the 
diffusion in the skin presumably took place at about 
pH 7-0 in isotonic salt concentration. 

Two samples of testicular enzymes purified by 
different methods, one purified Cl. welehii enzyme 
and one crude Cl. welchii culture filtrate, were 
titrated viscosimetrically in McIlvaine’s citric-acid- 
phosphate buffer at pH 4-6 and 7-0. The titrations 
were carried out in duplicate with final concentra- 
tions of M/6 and M/60 buffer in the system. It had 
already been established that the apparent titre of 
the enzyme was not materially affected by substi- 
tuting McIlvaine’s buffer at pH 4-6 for the Na 
citrate usually employed. The results obtained in 
these titrations are shown in Table 5. 


Table 5. The combined influence of salt concentration 
and of pH on the viscosity-reducing activity of the 


ae At pH 7-0 At pH 4-6 
a F 
Buffer Buffer Buffer Buffer 
Source of M/60 M/6 M/60 M/6 
enzyme V.R.U. —‘-V.R.U. V.R.U. V.R.U. 
Testis Gl. 3 1,280 670 205 830 
Testis P.M. 1 125 37 17-6 47 
Cl. welchii 74 15,150 4000 4000 6100 
(purified) 
Cl. welchit 50 15-5 27 27 
(filtrate) 
Note. Mcllvaine’s citric acid-phosphate buffer used 


throughout. 
V.R.U. viscosity reducing units. 


It will be seen that, with all three purified 
enzymes, there is a marked decrease in the apparent 
activity at pH 7-0 if the concentration of buffer is 
increased from M/60 to M/6. On the other hand, 
at pH 4-6 there is a substantial increase in activity 
as the concentration of buffer is increased. Thus, if 
titrations of any of these enzymes were carried out 
at different »H’s in the presence of M/6 buffer it 
would appear that their activity would be greater 
at pH 4-6 than at pH 7-0. If, however, the tests 
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were done in M/60 buffer the enzymes would be 
much more active at pH 7-0 than at pH 4-6. The 
crude Cl. welchii enzyme shows a similar response 





3-0 40 5°0 
pH 
Fig. 2. Combined influence of pH and salt concentration. 
Purified testicular hyaluronidase. e—e titration in 
M/60 buffer. o---o titration in M/6 buffer. v.R.v. vis- 
cosity-reducing unit. 


6°0 7-0 8-0 


V.R.U. 





40 5-0 6-0 7-0 8-0 
pH 
Fig. 3. Combined influence of pH and salt concentration. 


Crude Cl. welchii enzyme. e—e titration in M/60 buffer. 
o---otitrationin /6 buffer. v.R.U. viscosity-reducing unit. 


to increased concentration of buffer at pH 7-0 but 
no change in titre at pH 4-6. The reason for this is 
clear from Fig. 2. 
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Curves showing variation of activity with change 
of pH were obtained for one of the purified testi- 
cular enzymes and for the crude Cl. welchit enzyme 
in both M/6 and M/60 buffer solutions. The pH of 
the systems in which the observations were made 
were checked electrometrically. Fig. 2 shows that, 
in a buffer concentration of M/60 the pH optimum 
of the testicular enzyme is about 6-8, whereas in 
M/6 buffer the optimum shifts to about pH 5-0. 
Moreover, around the pH optimum the activity of 
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The correlation between different methods 
of assaying enzymic activity 
Nine representative enzyme preparations ob- 
tained from different sources and showing a wide 
range of activity were selected for assay, by their 
diffusion in the skin, their viscosity-reducing ac- 


tivity and by the mucin-clot prevention test. A+ 


complete description of the test for diffusing activity 
is given by J. H. Humphrey [1943]. 


Table 6. Tests of enzymic activity by different methods 


Mucin-clot 


Diffusing Viscosity prevention. Ratios 
activity reducing Highest Sa ee ere 
(Glaxo activity effective Diffusion —_ Diffusion mar 

Source of enzyme units/ml.) units dilution V.R.U. M.C.P. V.B.U. 
Streptococcus C 7 (purified) 750 12 208 63 3-6 17:3 
Glaxo standard prep. (1 mg./ml.) 2,000 29 100 69 20 3-5 
Cl. welchii (purified) 4,000 57 860 70 4-75 15-1 
Cl. welchii (filtrate) 8,000 57 750 140 10-6 13-2 
Testis (P.M. 1) 8,000 125 1,040 64 7:7 8-3 
Streptococcus (A 4 filtrate) 10,000 93 1,040 107 9-6 11-2 
Streptococcus (C 7 filtrate) 10,000 225 10,000 44-5 1-0 44-5 
Testis (G 3) 200,000 1,280 8,000 156 25 6-2 
Cl. welchii (W 74 purified) 800,000 15,150 125,000 52 6-4 8-3 

Coefficient of correlation 0-980 0-978 0-998 

P< 0001 P<0-001 P<0-001 


Diffusing activity. Tested in twofold dilutions; see Humphrey (1943). 


contains 1 diffusing unit. 


0-5ug. of the Glaxo standard preparation 


Viscosity-reducing activity. Estimated at pH 7-0 in M/60 Mcllvaine’s buffer solution. Unit defined in text. Results 


accurate to +10%. 
Mucin-clot prevention. 


the enzyme is very much greater in the more dilute 
buffer. \Fig. 3 shows a similar picture for the crude 
Cl. welchvi enzyme though the shift of pH optimum 
as the buffer concentration is altered is not as 
marked as it is for the testicular enzyme; in M/60 
buffer the optimum activity is obtained at about 
pH 6-0 and in M/6 buffer at about pH 4:5. This 
figure shows why the activity of this enzyme at 
pH 4-6 appeared to be the same in both concentra- 
tions of buffer; this is the point at which the two 
curves cross and the curve of activity in M/60 
buffer is exceedingly steep. 

These results cast doubt on the validity of the 
‘pH optima’ for this group of enzymes that have 
been previously reported by us and many other 
workers. It is obvious that the pH curves are pro- 
foundly modified not only by the concentration of 
the salts that are present but also by the nature of 
the ions in the system [McClean & Hale, 1941; 
Madinaveitia & Quibell, 1941]. M. G. Macfarlane 


& H. J. Rogers state (private communication) that 
with different buffer systems the pH optimum of 
the lecithinase derived from Cl. welchii is different. 
Similarly, Myrback [1926] and Sherman, Caldwell 
& Adams [1928] found that some ions increase the 
activity of amylases and change the pH optimum. 


Titrated at 20% differences in dilution. 


In the light of the observations described in the 
foregoing section, it was decided to carry out 
viscosimetric titrations in M/60 buffer at pH 7-0. 
The error of this method has been shown to be less 
than +10%. The m.c.P. test was carried out at 

20 % differences in dilution, and the standard error 
of this test is approximately 22% (see Table 6). It 
will be seen that the coefficient of correlation be- 
tween any two of the three tests is very high, and 
that the ratio between the individual values for 
any sample obtained by the skin diffusion, and by 
the viscosimetric tests, are as good as could be 
expected, when the limit of accuracy of the former 
test is taken into consideration. When the ratios 
between the values obtained by the M.c.P. test, and 
by either of the other methods, are examined, the 
result is not so satisfactory. The variation is much 
larger than can be explained by the internal errors 
of the different types of test. This difference in the 
ratios does not show any constant trend as the 
potency of the enzymes increase, nor does it vary 
consistently with the source from which the enzyme 
was obtained. At this stage it is not possible to give 
any satisfactory explanations for this discrepancy, 
but the fact that the coefficient of correlation for 
all three tests, on nine different enzymes from 
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diverse sources and of a wide range of activity, is 
so high, is very strong evidence that all three tests 
are, in fact, measuring the activity of the same 
agent. In view of the contradictory reports that 
have appeared in the literature it is interesting to 
note, that when the viscosimetric assay is carried 
out at pH 7-0, in approximately physiological salt 
concentration, very good agreement is obtained 
with the results of skin-diffusing activity. 


SUMMARY 


1. A method of assaying hyaluronidase is de- 
scribed, which depends upon the destruction by the 
enzyme of the power of a substrate-protein complex 
to form a typical ‘mucin clot’ on the addition of 
acetic acid. 

2. It appears that the destruction of the clotting 
power of the substrate is an early stage in its 
degradation, which can be detected before any 
appreciable fall in viscosity occurs. 
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3. Sera which inhibit the diffusing and viscosity- 
reducing activity of these enzymes also inhibit the 
mucin-clot prevention reaction. Sera prepared 
against enzymes obtained from Cl. welchii and 
Vibrion septique are species- but not type-specific. 
Those obtained against streptococcal enzymes are 
group- but not type-specific. A serum prepared 
against diffusing factor from bull’s testis inhibited 
this enzyme, but did not inhibit a testicular enzyme 
from the mouse, or any of the bacterial enzymes. ’ 

4. Both the apparent. pH optimum of viscosity- 
reducing activity, and the titre of the enzyme, are 
markedly affected by the concentration and nature 
of salts in the system. 

5. Nine enzymes from various sources have been 
examined for diffusing activity in the skin, by 
viscosimetry and by the mucin-clot prevention test. 
The conclusion is drawn that all three tests measure 
the activity of the same agent. 


I wish to express my appreciation of the keen coopera- 
tion and many constructive suggestions of Mr C. W. Hale. 
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Studies on Diffusing Factors 


3. A NEW BIOLOGICAL ASSAY OF DIFFUSING FACTOR IN GUINEA-PIGS 


By J. H. HUMPHREY (Jenner Memorial Student), From the Lister Institute of Preventive Medicine, 
Elstree, Herts 


’ (Received 13 November 1942) 


The most accurate biological method of assaying 
diffusing factor hitherto published is that of Bacha- 
rach, Chance & Middleton [1940]. This method 
compares the activities of pairs of preparations by 
measurement of the mean bleb size produced in 
suitable rabbits, using a ‘four-point’ assay. Since 
the log dose-response curve is sigmoid these authors 
found that the four doses must be carefully adjusted 
so as to lie upon the straight portion of the curve, 
but if such precautions are observed they claim to 
be able to distinguish satisfactorily between doses 


in the ratio of 2 to 1. In the course of work under- 
taken to establish the identity, or otherwise, of 
diffusing factor and hyaluronidase, it became de- 
sirable to be able to detect twofold differences in 
diffusing-factor activity. In view, however, of the 
difficulty caused by the non-linearity of the log 
dose-response curve [Evans & Madinaveitia, 1940], 
it was decided, at the suggestion of Mr C. W. Hale, 
to devise an accurate assay of the least dose which 
would produce a significant increase in bleb area 
in a given time, when injected intracutaneously 
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into a group of guinea-pigs. The principle is the 
same as that underlying tests of minimal lethal 
dose, etc. The time chosen, which is the shortest 
convenient, is also such that active diffusion is still 
taking place when the bleb size is measured, and 
the measurement is made before the initial velocity 
of reaction has fallen significantly. The method to 
be described has provided, in our experience, an 
absolute assay, inasmuch as the minimal diffusing 
dose is the same for repeated assays of the same 
preparation, using different batches of animals. 
With reasonable precautions in the choice of ani- 
mals, and within the limits of accuracy of the test, 
it should be possible for different workers to use 
comparable units without necessarily sharing a 
common standard preparation. 


METHODS 


Procedure for assay 


General. Two control and 6 test doses of diffusing factor 
(D.F.) are injected intracutaneously into each of 6 guinea- 
pigs, with haemoglobin as an indicator of the bleb size 
[Madinaveitia, 1938]. After exactly 20 min. each animal is 
killed and the skin of the back is rapidly flayed. The areas 
of the blebs are measured on the underside of the skin, and 
the minimal diffusing dose is taken as the least amount of 
D.F. which will produce a 20% increase in mean area as 
compared with the mean of the controls. 

Animals. The guinea-pigs should weigh over 300 g. and 
their skins should be white. For each assay 7 are required, 
and their backs are clipped before use. 

Solutions. The dilutions of p.F. are made in physiological 
saline shortly before injection. To each dilution is added 
an equal volume of horse haemoglobin solution, made by 
washing horse red cells with physiological saline six or seven 
times on the centrifuge, laking by the addition of distilled 
water up to the original volume of the blood, and making 
up to 0-85% (w/v) NaCl by the addition of solid NaCl, in 
quantity calculated from the chloride content of the solu- 
tion. The final dilution of D.¥. is thus 1 : 2 of the original. 
It is important to wash the cells very well, since horse 
serum inhibits the action of p.¥F. and it is best to add the 
haemoglobin solution after making the dilutions, since it is 
viscous and renders accurate pipetting difficult. 

Injections. 0-2 ml. of each dilution, and two controls of 
0-2 ml. of equal parts haemoglobin solution and saline, are 
injected intracutaneously with Nimrod syringes into each 
guinea-pig. The position on the guinea-pig does not matter 
(see below), but the order should be kept constant to 
facilitate reading later. A separate syringe should be used 
for each dilution. It is convenient to inject one guinea-pig 
every 3 min., since the first is then ready for killing and 
measurement soon after the last one has been injected. 
There is a small leak back from each bleb, but under 
standard conditions this is fairly constant in amount. 

Measurement of blebs. Exactly 20 min. after injection 
each animal is killed by a blow on the head, and the skin 
containing the blebs is removed from its back. The skin is 
then laid out flat with the inside uppermost and sponged 
with cold water to clean the skin and cause the muscular 
layer to relax. The blebs stand out sharply, and are ellip- 
tical, except for those in which very considerable diffusion 
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has occurred. The area is obtained by measuring the shortest 
and the longest diameters with dividers and multiplying 
their product by $7. Since the time taken for measurements 
on each guinea-pig is 3 min. or less the time-table can be 
adhered to fairly accurately. 

A preliminary orientating assay is made in a single 
guinea-pig using six tenfold dilutions of p.r. Having found 
roughly what dose gives a 20% increase in bleb area over 
the controls, the accurate assay is carried out using six 
twofold dilutions of p.F. adjusted to cover the end-point 
arrived at in the preliminary assay. Examples are given 
in Table 3. 


RESULTS 


The test described above was worked out as the 
result of an experiment in which each of 6 guinea- 
pigs was given 8 intracutaneous doses of 0-2 ml. 
haemoglobin-saline in a constant order, and bleb 
area measured in mm.? after 20 min. (Table 1). 


Table 1. Variation in area of blebs in control 
experiments without diffusing factor 





Animal no. 
z II a ORY V VI 
Size of individual blebs (mm.?) 
159 165 195 1638 170 206 
180 164 187 200 176 214 
180 143 181 204 201 212 
170 162 188 159 177 = 214 
176 177 195 189 — 187 
177 174 201 176 181 176 
153 194 176 179 189 = 201 
167 194 174 193 195 — 
Means 170 172 187 183 184 201 
Greatest deviation 
from mean as % 
of mean: Plus 6 13 75 115 9 6-5 
Minus 10 17 7 13 7-5 12-5 
Coefficient of 55 6-930 COU 45 84 46 68 


variation 


From the results in Table 1 it can be seen that 
although most of the guinea-pigs have a similar 
mean bleb size, occasionally one differs from the 
others. The size of individual blebs on any one 
guinea-pig was fairly constant, and appeared to 
grow more constant as our skill improved in later 
tests. There is no constant variation with position 
on the animal. If a variation equal to twice the 
standard deviation is considered significant, it ap- 
pears that in each animal a 20% increase in bleb 
size, compared with the mean for that animal, would 
be significant. In our test by taking 2 blebs on each 
of 6 guinea-pigs as a control we have 12 control 
blebs against which to compare 6 test blebs for 
each dose level. 

A similar experiment to the above was done with 
a known diffusing dose, to ascertain whether the 
same degree of constancy could be obtained when 
diffusion was occurring. One minimal diffusing dose 
of preparation G3 was used throughout. This, in 








he 


a~ 


eb 


Cc 
oa 


eb 


—S =I 


o > 
wm ore 


at 
lar 
she 
me 


ter 
ion 
the 
up- 
leb 
auld 
ich 
rol 
for 


a 


Vol. 37 


previous assays at this dose level, had given mean 
percentage increases in area of 20 and 25%. In this 
test the size of the control blebs showed fair constancy 
and there was fairly good agreement between test 
doses on any one guinea-pig—apart from one bleb 
in each of animals IV and V, which differ markedly 
from the others, and which increase considerably 
the coefficient of variation. There was definite varia- 
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paration, which can be detected by our test at a 
dilution of 1: 40,000. It will be seen that in the 
critical range the agreement of the mean values is 
quite good, despite considerable variation in indi- 
viduals. 

In the first 10 tests which we made, comprising 
a total of 60 guinea-pigs, an analysis was made 
of the individual responses as compared with the 


Table 2. Variation in area of blebs with one minimal diffusing dose of diffusing factor 


I 


240 
254 
262 
254 
248 
230 


198 
212 


Mean percentage increase over controls 21 


Control blebs 


Animal no. 
—_—__——7i-“wqOqwqir Combined totals 
II Ii IV V 
Bleb areas (mm.?) 
214 320 269 276 
213 290 276 254 
227 252 (330) 268 Mean test bleb 
213 267 254 240 257 
212 310 254 (203) 
228 266 274 314 
188 200 201 200 Mean control bleb 
200 214 200 200 201 
12 37 38 29 28 
For all test blebs 
3% 8-9% 98% 136% 12:7% 


Coefficient of variation for test blebs 43% 


Table 3. Data for two separate assays on the same preparation of diffusing factor 


(a) Preliminary assay of diffusing factor on single guinea-pig 


Increase over 


Increase over 





Dilution Bleb area controls Dilution Bleb area controls 
of D.F. mm.? % of D.F. mm.” x 
1:10? 475 166 1: 106 189 6 
1: 10° 314 76 Ls 1¢ 201 13 
1:10 219 23* Control ia} 179 
1: 105 206 16 Control 182 
(b) Complete test on groups of guinea-pigs 
First test Second test 
cs" cr AW 
Animal no. ... 1 2 3 aa 5 6 7 8 9 10 ll 12 
Dilution of p.¥F. Bleb areas (mm.?) 
1: 5,000 227 297 314 329 304 348 277 269 294 245 410 307 
1: 10,000 249 262 260 262 227* 284 255 283* 232 252 314 226 
1: 20,000 254* 255 262 255 189 — 213 176 255 214 283* 280 
1: 40,000 212 259* 258* 269* 187 299 245* 176 218* 214* 190 208* 
1: 80,000 182 171 176 170 213 299* 189 187 176 165 185 177 
1 : 160,000 224 188 201 201 205 227 165 201 149 182 171 177 
Control 192 232 173 163 194 205 176 165 182 153 180 189 
Control 176 212 200 154 oo 214 160 156 143 171 189 154 
* Greatest dilution showing 20% increase in area over controls. 
(c) Summary: Mean for six guinea-pigs 
First test Second test First test Second test 
Controls 192 167 1 : 20,000 233 (plus 21%) 237 (plus 42%) 
1: 160,000 208 (plus 8%) 174 (plus 4%) 1 : 10,000 258 (plus 35%) 260 (plus 56%) 
1: 80,000 202 (plus 5%) 180 (plus 8%) 1: 5,000 305 (plus 59%) 300 (plus 80%) 
1: 40,000 230 (plus 20%) 209 (plus 25%) 


tion in sensitivity from animal to animal, but the 
average amount of diffusion for all pigs at this dose 
level (28%) agrees well with previous assays of the 
same preparation (Table 2). 

In Table 3 is given an example of two separate 
complete assays of a testicular diffusing-factor pre- 


averaged response of each group of 6 animals. The 
results (Table 4) showed that 50 out of 60 animals 
gave an end-point within one twofold dilution 
on either side of that dilution which was the 
end-point deduced from the mean response of the 
batch. 
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Table 4. Scatter of assay results with 60 animals 


No. of animals giving end-point at 
—~A. 





1 dilution 2 dilutions 3 dilutions 
Assigned ———-~——_,, a 
dilution Less More Less More Less More 
31 ll 8 6 2 1 1 


With the kind co-operation of Mr Bacharach and 
his co-workers a series of preparations was assayed 
by our method, by the method of Bacharach e¢ al. 
[1940], and by a modification of the viscosity- 
reduction test described by McClean & Hale [1941] 
which we believe to be accurate to within 10%. 
The results are listed in Table 5, in which we have 


Table 5. Comparative results with three 
methods of assay 
Diffusing activity in 
Glaxo units/ml.* Viscosity 


A, reducing 


Enzyme Our Glaxo activity 

preparation assay assay units/ml. 
Streptococcus C7 (purified) 750 4,650 12 
Glaxo standard testis 2,000 (2,000) 29 

(1 mg./ml.) 

Cl. welchii (purified) 4,000 4,050 57 
Cl. welchii (filtrate) 8,000 4,800 57 
Testis (P.M. 1) 8,000 12,400 125 
Streptococcus (A4 filtrate) 10,000 19,600 93 
Streptococcus (C7 filtrate) 10,000 13,500 225 
Testis (G. 3) 200,000 19,000 1,280 
Cl. welchii (W. 74 purified) 800,000 60,300 15,150 


* The conversion of our assay into Glaxo units is carried 
out as follows: for the Glaxo Standard testis powder, by 
their definition, one diffusion unit (p.U.) is contained in 
0-5ug. We found on repeated test that a solution of this 
powder containing 1 mg./ml. showed significant diffusion 
at a highest dilution of 1 : 400 of the solution. Our minimal 
diffusing dose (M.D.D.) therefore contains 0-25 yg. and hence 
2 M.D.D. corresponds to 1 D.v. 


calculated our minimal diffusing doses so as to give 
the potency of the preparations in terms of the 
Glaxo Standard, which we assayed by our method. 
A full discussion of these and other results is given 
elsewhere [McClean, 1943], from which it will be 
seen that, within the limits of the tests, there is fair 
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agreement between our minimal diffusing dose assay 
and the viscosity-reducing activity, whereas with 
the Glaxo assays the agreement is less good. It is 
only necessary here to discuss the degree of agree- 
ment between the two biological methods of assay. 
Over the range 2000—10,000 units/ml. this is good, 
but with the weaker and the stronger preparations 
the differences are far outside the experimental 
errors of the two tests. 


DISCUSSION 


The method of Bacharach e¢ al. [1940] is based upon 
the measurement, in the skins of rabbits, of the 
total area through which a preparation spreads in 
a given time, compared with the area of spread of 
a standard preparation. The areas of diffusion are 
proportional to the logarithms of the doses, only 
over a limited range of dilutions, which these 
workers select for their test. Their method depends 
upon the evaluation of the slope of the log dose- 
response curve (b) at that part of the curve at which 
it is linear, and they state that the values of b, for 
the standard and for the test blebs, are, in any one 
experiment, always sufficiently close to permit of 
accurate calculation. The method described above 
measures the smallest dose of D.F. which produces 
significant increase in diffusion, and measures there- 
fore a quantal response. It has in its favour that 
it is relatively easy to carry out in practice. Statis- 
tically, however, it is less satisfactory than the 
analysis of a continuous variate, as carried out by 
Bacharach e¢ al. [1940]. Yet the results of our assay 
are in closer agreement than theirs with the deter- 
minations of viscosity-reducing activity, when the 
latter is measured under physiological conditions of 
salt concentration and pH [McClean, 1943]. Re- 
examination of all the assays, with a 50% increase 
in bleb area over the mean controls instead of a 
20% increase as the critical response, yielded a 
similar picture (Table 6). Unlike the method of the 
Glaxo workers, no standard preparation is included 
in each test, and therefore analysis requires the 
construction of a standard log dose-response curve 


Table 6. Comparison of results of assays based on measurements of 20% 
and of 50% increases in area of dleb 





Viscosity- p.U.* (20% increase)/ml. p.u.* (50% increase)/ml. 
reducing - — ‘ ~ 
Enzyme preparation units/ml. D.U./V.R.U.* D.U./V.R.U.* 
Streptococcus C 7 (purified) 12 750 63 - 500 42 
Standard testis 29 2,000 69 2,000 69 
Cl. welchii (eluate) 57 4,000 70 2,000 35 
Cl. welchii (crude) 57 8,000 140 2,000 35 
Testis P.M. 125 8,000 64 4,000 33 
Streptococcus A 4 93 10,000 107 5,000 53 
Streptococcus C 7 (crude) 225 10,000 44 10,000 44 
Testis G 3 1,280 200,000 156 100,000 77 
Two assays 50,000 38 
Cl. welchii 74 15,150 800,000 52 200,000 13 


. Glaxo-diffusing unit. 


V.R.U. viscosity-reducing unit. 
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for guinea-pigs under the conditions described. This 
was attempted, using the figures obtained in all the 
various assays performed, but the resulting values 
for the slope of the best straight line (b) were so 
divergent as to render further calculation useless. 
It is perhaps surprising, in these circumstances, 
that the method should give results which are 
apparently more consistent with other properties 
of the preparations used. We have been unable to 
arrive at any satisfactory explanation of the differ- 
ence between the tests, and can only offer a ten- 
tative suggestion that, for the biological assay of 
D.F., the guinea-pig is a more satisfactory animal 
than the rabbit. 
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SUMMARY 


A method is described for assaying the activity of 
diffusing-factor preparations in the skin of guinea- 
pigs, whereby twofold differences in activity can be 
distinguished. This method, which is based on the 
determination of the least amount required to pro- 
duce a 20% increase in bleb area, gives reasonable 
agreement with assays of the hyaluronidase content 
of the same preparations, when this is estimated by 
the reduction of the viscosity of hyaluronic acid. 


I wish to acknowledge the assistance of Mr C. W. Hale 
who suggested the investigation of this method of test and 
collaborated throughout. 
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A Method for the Estimation of Glucose-1-phosphate 
and Galactose-1-phosphate in the Liver 


By H. W. KOSTERLITZ anp CAROLINE M. RITCHIE (Carnegie Research Scholar), 
From the Physiology Department, Marischal College, University of Aberdeen 


(Received 14 November 1942) 


The estimation of glucose-1-phosphate and galac- 
tose-1-phosphate in solutions containing only small 
quantities of inorganic phosphate and reducing 
substances does not offer any particular difficulties. 
Both esters are readily hydrolysed by acid and the 
liberated inorganic P and hexose can easily be 
determined [Cori & Cori, 1937; Kosterlitz, 1938]. 
In the liver, however, relatively large quantities of 
inorganic P (about 30 mg. P/100 g. liver) and con- 
siderable quantities of reducing substances (corre- 
sponding to 300 mg. glucose/100 g. liver) make it 
difficult to determine such small quantities of 
hexose-1-phosphates as may be expected to be pre- 
sent. The acid-soluble organic P fraction obtained 
from rabbits’ livers during galactose assimilation 
contained only 5-12 mg. galactose or 0-9-2mg. P/ 
100 g. liver as galactose-1-phosphate and less than 
1 mg. glucose or 0-17 mg. P/100 g. liver as glucose- 
1-phosphate [Kosterlitz, 19396]. Furthermore, the 
glycogen present in the liver yields glucose on acid 
hydrolysis and also interferes with the fractionation 
of the soluble and insoluble Ba salts. For these 
reasons, a preliminary step in the estimation of the 
l-esters in trichloroacetic acid extracts of liver is 


Biochem, 1943, 37° 


the removal of the interfering substances, viz. inor- 
ganic P, reducing substances, and glycogen. 

A description of the method as it has been used 
for the determination of the hexose-1-phosphates 
preseat in the livers of rats fed with glucose or 
galactes2 will be followed by a critical examination 
of the various steps involved in the determination. 


METHODS 


The excised liver is rapidly washed free from ad- 
herent blood, dried between filter paper, and cut 
into 4-5 pieces which are immediately immersed in 
liquid oxygen. When frozen, 5g. or more are 
weighed and transferred to an ice-cold mortar con- 
taining 20 ml. 5% ice-cold CCl,.CQOH and some 
acid-washed sand. Throughout the procedure, when- 
ever the reaction is acid, all glass vessels and 
reagents are kept as near 0° as possible. After the 
liver has been thoroughly ground, additional 5% 
CCl,.COOH is added in quantity such that each 
10 ml. of the final extract represent 1 g. of wet liver. 
In these experiments the water content of the liver 
has been assumed to be 80% of the liver weight. 
Therefore, a total of 9-2 ml. 5% CCl,;.COOH/1 g. 
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liver, has been added. The liver and the acid are 
once more well mixed and allowed to stand for 
3-5 min. Then, the pulped tissue and sand are 
centrifuged down at 3000r.p.m. for 3 min. To as 
largea measured sample of the clear supernatant fluid 
as possible are added one drop of 0-5 % alcoholic 
thymolphthalein solution, a messured quantity of 
40% NaOH, and finally of N/2 NaOH, drop by 
drop, until the solution just turns blue. Then for 
each ml. of the original CCl,;. COOH extract, 0-1 ml. 
of freshly prepared and filtered 10% mercuric 
acetate solution is added. After 20 min. standing 
at 0°, the Hg precipitate is centrifuged off. If the 
supernatant fluid is not absolutely clear, it is filtered 
through an acid-washed paper (Whatman no. 541). 
The excess of mercuric acetate is removed from a 
measured sample by means of H,S. The HgS, which 
has adsorbed the glycogen, is filtered off and washed 
4 times with 2 ml. H,O. The combined filtrate and 
washings are aerated for 20 min. One drop of 0-5 % 
thymolphthalein solution is added and then finely 
powdered Ba(OH), until the solution just turns blue 
(about 0-32 g.). The pH is adjusted, if necessary, 
with a drop of 5% CCl,;.COOH or N/2 NaOH. 
3 vol. redistilled ethanol are added, and the flask 
stoppered and allowed to stand at 0° for 2 hr. The 
precipitate is then quantitatively collected in a 
50 ml. cup by repeated centrifuging and the flask 
finally washed out 4 times with 5-10 ml. of 75% 
ethanol. The precipitate in the centrifuge tube is 
dried for 15 min. in vacuo over CaCl,, and after 
addition of 2-5 ml. H,O is well broken up with a 
fine glass rod; the rod is washed with 0-5 ml. H,O, 
and the tube centrifuged for 3 min. at 3000 r.p.m. 
The supernatant fluid is transferred to another 
50 ml. centrifuge tube. This extraction is repeated 
twice, the supernatant fluids being added to the fluid 
from the first extraction. 3 vol. ethanol (27 ml.) 
are then added to the combined extracts, and the 
centrifuge tube is stoppered and allowed to stand 
overnight at 0°. After centrifuging, the precipitate 
is dried in vacuo over CaCl, for 40 min. The pre- 
cipitate is then dissolved in 5-0 ml. 0-1N HCl; 
5-0 ml. 0-4.N H,SO, are added and the BaSO, centri- 
fuged off. The supernatant fluid is transferred to a 
Pyrex test tube. Inorganic P is estimated in 1 ml. 
and the reducing power before hydrolysis in 2 ml. 
3-75 ml. are transferred to another Pyrex tube, 
which is stoppered, and hydrolysed at 50° for 
30 min. The remainder of the fluid in the original 
tube, which is fitted with an air condenser, is hydro- 
lysed at 100° for 3 min. Of the hydrolysed solutions 
2ml. were used to estimate increase in reducing 
power, as previously described [Kosterlitz, 1939a], 
and I ml. to estimate increase in inorganic P by a 
modified Fiske & Subbarow [1925] procedure. The 
volume of the reaction mixture was 1-17 ml. with 
P contents from 1 to 12 pg. 
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Examples: 
(1) Liver from a rat fasted for 24 hr. 


Liver weight: 7-36 g. 


Sample of CCl,;.COOH extract 63-0 ml. 
NaOH 1-52 ml. 
10% mercuric acetate 6-3 ml. 

Total volume 70-82 ml. 


Sample used after centrifuging =65-0 ml.=5-79 g. liver. 
The final precipitate of the organic P was dissolved in 
10 ml. 0-25 acid. 

1 ml. (=0-579 g. liver) contained: 
Before hydrol. 2-01 wg. inorg. P 


After 3 min. hydrol. at 100° 2-70 ug. inorg. P, i.e. an in- 
crease of 0-69 ug. 
After 30 min. hydrol. at 50° 2-22yg. inorg. P, i.e. an in- 
crease of 0-21 yg. 
The increases in P. caleu- 
lated/100 g. liver were 


and 


0-119 mg. 
-0-036 mg. (=30-3%) 
respectively 
The reducing power, calculated as glucose, of 2 ml. 
(=1-158 g. liver) was: 


Before hydrol. 41-5yg. 

After 3 min. hydrol. at 100° 58-Oyg., i.e. an increase 
of 16-5yg. 

After 30 min. hydrol. at 50° 47-5yg., i.e. an increase 
of 6yg. 


The increases in reducing power calculated as glucose/ 
100 g. liver were 1-43 and 0-52 mg. (=36-4%) respectively. 
The reducing power before hydrolysis (‘initial reduction’)/ 
100 g. liver was equivalent to 3-59 mg. ‘glucose’. 


(2) Liver from a rat fed 1-5 ml. 60% galactose 
solution/100 g. body weight after a 24 hr. fast, and 
killed 2 hr. afterwards. 

Liver weight: 5-40 g. 


Sample of CCl,.COOH extract 45-0 ml. 
NaOH 1-15 ml. 
4:5 ml. 


10% mercuric acetate 
Total volume 50-65 ml. 

Sample used after centrifuging =45 ml. =4-00 g. liver. 
The final precipitate of the organic phosphates was dis- 
solved in 10 ml. 0-25 acid. 
1 ml. (=0-400 g. liver) contained: 

Before hydrol. 

After 3 min. hydrol. at 100° 


-70 ug. inorg. P 

-36 ug. inorg. P, i.e. an in- 
crease of 2-66 yg. 

4-57 wg. inorg. P, i.e. an in- 

crease of 1-87 yg. 


oO ro 


After 30 min. hydrol. at 50° 


The increases in P calcu- 
lated/100 g. liver were 
and 


0-665 mg. 
0-468 mg. (=70-3%) 
respectively 
The reducing power, calculated as glucose, of 2 ml. 
(=0-800 g. liver) was: 


Before hydrol. 90-5 ug. 

After 3 min. hydrol. at 100° 125-5yg, i.e. an increase of 
35 ug. 

After 30 min. hydrol. at50° 114-Oyg., ie. an increase of 
23-5 wg. 


The increases in reducing power calculated as glucose/ 
100 g. liver were 4-38 and 2-94 mg. (=67-2%) respectively. 
The initial reduction was 11-3 mg. ‘glucose’/100 g. liver. 
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Certain corrections have to be introduced: for 
these see the recovery experiments. 

The significance of the various values obtained 
will be discussed later: here the following points 
may suffice. 

The ‘initial reduction’ is an approximate measure 
of the quantity of equilibrium ester (hexose-6- 
phosphate) present. Both glucose-1-phosphate and 
galactose-1-phosphate are completely hydrolysed 
by a mixture of 0-05.N HCl and 0-2N H,SO, at 100° 
in 3 min., while hydrolysis at 50° for 30 min. splits 
28-6% of the glucose-l-phosphate present and 
77:5 % of the galactose-1-phosphate present. 


EXAMINATION OF THE METHOD 


Acid hydrolysis of glucose-1-phosphate 
and of galactose-1-phosphate 
I. At 100°. 

(1) Glucose-1-phosphate, prepared according to 
Hanes [1940] is hydrolysed: 

(a) in0-1N H,SO, at 100° to the following extents: after 
2 min. 81-8%, after 3 min. 94:-7%, after 5 min. 99-3%; 

(b) in a mixture of 0-05 N HCl and 0-2 NV H,SO, at 100°: 
after 2 min. 98-5%, after 3 min. 100%. 

(2) Galactose-1-phosphate is completely hydro- 
lysed after 2 min. in 0-09N H,SO, at 100° [Koster- 
litz, 1939a]. 

For the estimation of the sum of the two esters, 
hydrolysis in a mixture of 0-05N HCl and 0-2N 
H,SO, at 100° for 3 min. has been adopted. The 
HCl is necessary to ensure solution of the Ba salts 
before the Ba is precipitated with H,SOQ,. 


Table 1. Hydrolysis at 50° 


(1) Hydrolysis of glucose-1-phosphoric acid. 
Concentration of ester 0-75 m.-molar 





Glucose Inorg. P 
Time formed formed 
min. % k x 108 % k x 10° 

15 15-6 4-91 15-5 4-88 
30 29-0 5-01 28-9 5-00 
45 40-1 4-92 40-6 5-21 
60 49-3 4-83 _ a 4:19 
Average 4-92 — 4-82 


Percentage of hydrolysis after 30 min., calculated for 
k=4-87 x 10-3: 28-55%. 


(2) Hydrolysis of galactose-1-phosphoric acid. 
Concentration of ester 0-965 m.-molar 


Galactose Inorg. P 
Time formed formed 
min. % k x 108 % k x 108 
15 51-2 20-8 49-8 20-0 
30 78-2 23-3 76-8 22-3 
45 89-4 20-9 89-2 22:1 
Average 21-7 — 21-5 


Percentage of hydrolysis after 30 min., calculated for 
k=21-6 x 10-3: 77-5%. 
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II. At 50°. 

The acid used consists of a mixture of 0-2N 
H,SO, and 0-05N HCl (Table 1). 

After 30 min. the ratio hydrolysed galactose-1- 
phosphoric acid/hydrolysed glucose-1-phosphoric 
acid is 2-72/1. If the values for P and for reducing 
power for the total hydrolysis (3 min. at 100°) and 
for the partial hydrolysis (30 min. at 50°) are known, 
the quantities of the two esters can be calculated 
(Table 2). 


Table 2. Ratios of hydrolysis percentages at 50° and 
100° of mixture of glucose-1-phosphate and galac- 


tose-1-phosphate 50° value 
ee 100° value 
Mixture of 50° value calculated 
OF? 100° value from 
Glucose- Galactose- Ester hyd. calculated reducing 
l-phos- _1-phos- at 50° from un- power ex- 
phate phate Esterhyd. corrected pressed as 
% % at 100° Pvalues ‘glucose’ 
100 0 0-286 0-286 0-286 
80 20 0-384 0-378 0-364 
60 40 0-482 0-472 0-451 
40 60 0-579 0-568 0-547 
20 80 0-677 0-665 0-654 
0 100 0-775 0-765 0-775 


Note. The values in column 4 are necessitated by the 
fact that 45% of the galactose-l1-phosphate present is 
hydrolysed during the process of analysis (see note to 
Table 3), and the values in column 5 by the fact that 
galactose has only 76-3% of the reducing power of glucose. 


Removal of glycogen. A small proportion of the 
glycogen comes down with the precipitate due to 
the addition of mercuric acetate but most is precipi- 
tated along with the HgS after passing H,S through 
the filtrate. Up to 2% liver glycogen is removed 
in this way. HgS prepared from HgCl, and H,S 
has been used by Flock, Bollman & Mann [1936] 
for the removal of glycogen. 

Effect of mercuric acetate. Mercuric acetate, when 
added to the neutralized CCl;.COOH extract, pre- 
cipitates, amongst other compounds, phosphoric 
esters containing nitrogenous bases, and conse- 
quently the removal of the Hg-precipitate has the 
following effects: (1) It decreases the ‘initial re- 
duction’ of purified phosphates by about 75%, 
e.g. from 61-3 mg./100 g. liver to 14-7 mg. (2) It 
decreases the labile P (3 min. 100°) considerably, 
from 0-55 mg. % P (6 exps.) to 0-09 mg. % (10 
exps.). (3) It has no influence on the increase in 
réduction after 3 min. hydrolysis at 100°. 

Mercurie acetate also precipitates bile pigments 
so that a colourless filtrate is obtained. 

Removal of inorganic phosphate. This can be done 
either (1) by precipitating it at pH 9-5* as BaHPO, 

* pH 8-4 is frequently used for the separation as Ba salt 
of inorganic P from organic phosphates; we found this to 
be insufficiently alkaline, and therefore used thymol- 
phthalein as indicator which just turns blue at pH 9-5. 

12-2 
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from the filtrate, after aerating to remove H,S; 
removing it by centrifuging and adding 3 vol. 
ethanol to precipitate the organic phosphates, or 
(2) as described above, by precipitating the organic 
and inorganic phosphates together with 3 vol. 
ethanol, drying the precipitate, and then extracting 
the organic phosphates. The initial reduction is 
lower with method (2) than (1), and the increase in 
reduction in preparations from livers of fasted rats 
after acid hydrolysis with method (2) is only one- 
third to one-half of that with method (1). Recovery 
of added galactose-1-phosphate is the same with the 
two methods, and since smaller blank values are 
obtained with method (2) than with method (1) 
the former has been adopted. 

Since BaHPQ, is sparingly soluble in water, small 
quantities of inorganic P are always found; the 
average of 13 exps. was 0-55 mg. P/100 g. liver, 
ranging from 0-35 to 1-03 mg. P. If more water is 
used for the extraction or the precipitate extracted 
more than 3 times, the values for inorganic P in- 
crease considerably. Extraction with 3 ml. H,O, 
repeated twice, is sufficient. Actually the recovery 
of added galactose-l1-phosphate (10-06 mg. P to 
30 ml.) from the filtrate after HgS precipitation was 
88-5 and 100% if the precipitate was extracted 
5 times with 5 ml. H,O, and 99 % when successively 
extracted with 3-5, 2-5 and 1-5 ml. H,O. 

Significance of ‘initial reduction’. Although it is 
likely that the ‘initial reduction’ is a measure of 
the amount of equilibrium ester (hexose-6-phos- 
phates) present, there is so far no direct proof of 
this assumption. Relatively large amounts of gly- 
cerol phosphates are present in liver which make it 
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difficult to estimate the P corresponding to the 
‘initial reduction’. The findings of Cori & Cori 
[1931-2] suggest that, under the conditions of our 
experiments, the recovery of hexose-6-phosphates 
may not be quantitative: the pH may be too 
alkaline and extraction may not dissolve all the 
6-phosphates present. 


Recovery of galactose-l1-phosphate and glucose-I- 
phosphate added to trichloroacetic acid extracts 
of liver 
Example 1. 2 ml. galactose-1-phosphate solution 

containing 0-114 mg. P were added to 40 ml. extract 

(test solution). 1 ml. NaOH was needed for neu- 

tralization and 4 ml. 10 % mercuric acetate solution 

were then added. After centrifuging, a sample of 

40 ml. was used. The final volume was 10 ml.; 2 ml. 

=112yg. galactose) were used for the estimation 

of reduction and 1 ml. (=9-7yg. P) for that of P. 

Another 40 ml. were treated similarly with the 

exception that 2 ml. H,O were added instead of the 

galactose-l-phosphate solution (blank solution) 

(Table 3). 

Example 2. 1 ml. galactose-1-phosphate solution 
containing 0-0527 mg. P and 1 ml. glucose-1-phos- 
phate solution containing 0-0524 mg. P were added 
to 40 ml. extract. This mixture was treated in the 
same way as the galactose-1-phosphate solution of 
example 1 (Table 4). 

The results of several recovery experiments are 
summarized in Tables 5 and 6. The standard errors 
of the means of the recoveries and of the ratios 
50° value/100° value were calculated according to 
the directions given by Burn [1937]. 


Table 3. Recovery of galactose-1-phosphate 


Blank Test Increases in test 
solution solution after deduction 
‘glucose’ ‘glucose’ of blank ‘glucose’ ae 
or P or P or P 50° value Recovery 
pg. Bg. peg. 100° value % 
(1) Reduction (in 2 ml.=112yg. galactose =85-5 yg. ‘ glucose’) 
Before hydrol. 28-5 28 
After 3 min. hydrol. at 100° 38-5 105 
Increase +10 +77 +67 78-5 
After 30 min. hydrol. at 50° 33 83 0-755 
Increase +45 +55 +505 (calc. from Table 2: 0-775) 
(2) Phosphorus (1 ml.=9-7 yg.) 
Before hydrol. 2-86 4:77 
After 3 min. hydrol. at 100° 2-86 11-81 After correction* 
with f=1-05 
Increase 0 +7-04 +7-04 76-2 
After 30 min. hydrol. at 50° 2-43 10-08 0-755 
Increase — 0-437 +531 +531 (cale. from Table 2: 0-765) 


* This correction is necessitated by the great sensitivity of galactose-1-phosphate to acid. Under the conditions of 
these experiments, 4-59% of the ester present is hydrolysed by the analytical procedure alone, therefore the factor for 
correction is 1-00/0-955=1-05. The factor for the 50° value is 0-775/0-73=1-06. The amount of glucose-1-phosphate 
hydrolysed during the analysis is so small as to make a correction unnecessary in the present experiments. 

{ Occasionally small negative values have been observed after 30 min. hydrolysis at 50°; they have been neglected. 
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o the 
| Cori Table 4. Recovery of galactose-1-phosphate and glucose-1-phosphate 
of our 
hates Blank Test Increases in test 
solution solution after deduction 
e too ‘glucose’ ‘glucose’ of blank ‘glucose’ mu 
ll the or P or P or P 50° value Recovery 
peg. pg. ug. 100° value % 
(1) Reduction (in 2 ml.=51-7yg..glucose + 52-1 yg. galactose=91-5 yg. ‘ glucose’) 
ose-I- Before hydrol. 44-5 37°5 
‘tracts After 3 min. hydrol. at 100° 55-5 121 
Increase +11 + 83-5 +725 79-3 
‘ution After 30 min. hydrol. at 50° 53-5 80 ‘ ‘ 0-462 
tract Increase +9 +425 +33-5 (cale. from Table 2: 0-498) 
 neu- (2) Phosphorus (1 ml.=8-95 yg.) 
fution | Before hydrol. 1-99 2-26 
ple of After 3 min. hydrol. at 100° 2-30 8-57 After correction 
2 ml. with f=1-02 
ation Increase +0-31 +631 +6-0 68-5 
of P. After 30 min. hydrol. at 50° 1-91 5-23 0-495 
, ae Increase 0 +2-97 +2-97 (cale. from Table 2: 0-520) 
of the | 
ition) 
3 Table 5. Recovery of glucose-1-phosphate 
ution 
phos- 2-65-3-1 mg. ester P/100 g. liver 
vdded 
nm the Amount of ester P Glucose Glucose oe 
, added to extract liberated in _ liberated in 50° value =P liberated in P liberated in _50° value 
on 0} mg./40 ml. 3 min. at 100° 30 min. at 50° 100° value 3 min. at 100° 30min. at 50° 100° value 
(=4 g. liver) % of cale. cale. = 28-6 cale. = 0-286 % of cale. calc. = 28-6 cale. =0-286 
S are 0-106 85-4 23-5 0-276 85-2 27:5 0-323 
srrors 0-111 88-2 26-6 0-302 75-5 18-6 0-246 
ation 0-111 91-5 25-0 0-273 87-2 26-9 0-309 
: to 0-124 83-3 22-6 0-272 81-0 21-4 0-265 
8 Mean 87-1+1-78 24-440-88  0-280+0-0116  82-2+2-59 23-64+2-16  0-287+0-0278 
Coefficient of variation (%) 2-04 3-61 4-15 3-15 9-15 9-68 
i Table 6. Recovery of galactose-1-phosphate 
ry (a) 2-68-2-85 mg. ester P/100 g. liver 
Galactose Galactose ze P liberated in P liberated in _50° value 
' Amount of ester P liberated in liberated in 50° value 3 min. at 100°, 30 min. at 50°, 100° value 
t added to extract 3 min. at 100° 30 min. at 50° 100° value corrected corrected corrected 
4 mg./ml. % of cale. cale. =77-5 cale. =0-775 % of cale. cale. =77-5 calc. =0-775 
} 012/40 (=4 g. liver) 76-5 56-6 0-74 73-8 56-9 0-77 
4 0-12/40 84-5 60-4 0-715 83-6 61-0 0-73 
: 0-114/40 78-5 58-7 0-75 76-2 58-3 0-765 
' Mean 79-8 +2-40 58-6+1-10 0-735+0-0261 77-9 +2-95 58-741-20 0-755+0-0325 
: Coefficient of variation(%) 3-01 1-88 3°55 3-79 2-04 4-30 
ction*® (6) 0-60-1-5 mg. ester P/100 g. liver 
05 ' 0-06/40 (=4 g. liver) 72:5 52-0 0-715 69-8 60-0 0-86 
j 0-06/40 72-5 40-6 0-56 91-6 70-9 0-775 
' 0-057/40 86-0 64:3 0-75 80-9 54-4 0-675 
0-0306/50 (=5 g. liver) 95-0 65-5 0-69 68-7 54-1 0-785 
0-0301/50 70-5 70-5 1-00 75-1 58-8 0-785 
ons of 0-0422/50 containing 69-0 58-3 0-845 72-9 49-1 0-675 
or for 0-2% glycogen (= 
phate 2% liver glycogen) 
| Mean 77-6 +4-28 58-544-43 0-75440-0705  76-5+43-50 57-943-05 0-757 40-0528 
ted, Coefficient of variation (%) 5-51 7:57 9-36 4-58 5-27 6-98 
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In the recovery experiments the esters were added 
to liver extracts in proportions similar to those 
found in determinations of these esters in livers of 
animals assimilating glucose or galactose. Approxi- 
mately 80% of the added esters were recovered ; 
there was no significant difference between the 
recoveries of hexose and phosphorus. The ratios 
50° value/100° value were sufficiently close to the 
calculated values. As was to be expected, the 
standard errors of the means were relatively high 
in the experiments in which only 0-6—1-5 mg. ester 
P/100 g. liver was added. These facts have to be 
taken into consideration when experiments are 
designed. The limiting factors obviously are the 
methods used for the estimation of reducing power 
and of phosphorus. These difficulties are best over- 
come by increasing the quantities of liver used for 
the estimation but, unfortunately, in the rat at 
least, this cannot easily be done, particularly when 
other substances, as, for example, glycogen and 
hexose, have to be determined simultaneously. 


SUMMARY 


1. Glucose-1-phosphate and _ galactose-1-phos- 
phate are determined in trichloroacetic acid ex- 
tracts of rats’ livers. After removal of interfering 
reducing substances, i.e. nitrogenous phosphoric 
esters, bile pigments, and glycogen, by means of 
mercuric acetate and Hg§S, the organic phosphates 
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are separated from inorganic P as water-soluble 
barium salts. 

2. The reducing power of the organic phosphate 
fraction gives an approximate measure of the 
amount of hexose-6-phosphates present. The quan- 
tity of glucose-1-phosphate and galactose-1-phos- 
phate taken together is determined by the increase 
in reducing power and the amount of inorganic P 
liberated after hydrolysis in a mixture of 0-05N 
HCl and 0-2N H,SO, at 100° for 3 min. Incubation 
with 0-25N acid at 50° for 30 min. hydrolyses 
28-6 % of glucose-1-phosphate and 77-5 % of galac- 
tose-1-phosphate. In a mixture of the two esters, 
the ratio 50° value/100° value is determined by the 
relative concentrations of the esters. 

3. In experiments with addition of known quan- 
tities of ester to CCl,.COOH extracts of liver, 
84:5 % of added glucose-1-phosphate (2-65—3-1 mg. 


P/100 g. liver), 79 % of added galactose-1-phosphate’ 


(2-68-2-85 mg. P/100 g. liver), and 77% of added 
galactose-1-phosphate (0-6-1-5 mg. P/100 g. liver) 
were recovered. The ratios 50° value/100° value did 
not show any significant deviation from the ex- 
pected values. The significance of the standard 
errors of the means of the results for the recovery 
of added material is discussed. 


The expenses of this research were partly defrayed by a 
grant (to H. W.K.) from the Medical Research Council 
and a grant from the Royal Society, to whom grateful 
acknowledgement is made. 
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An Improved Method for the Fractionation of 
Protein Mixtures by Electrophoresis 


By H. GUTFREUND, From the Department of Biochemistry, University of Liverpool 


(Received 25 November 1942) 


The application of the electrophoresis technique to 
the problem of analysing protein mixtures was 
greatly refined by Tiselius [1937 a, 6], who used the 
method particularly for the analysis of serum pro- 
teins. Since then it has been used by a variety of 
workers, Kekwick & Record [1940], for instance, 
having applied it to the isolation of the biologically 
active globulins from immune horse serum. AIl- 


i 


though the method is of great value, only relatively 
small quantities of proteins can be separated by it 
and at a high cost. Moreover, attempts to increase 
the yields have met with considerable difficulties 
[Philpot, 1940]. 

In their purification of a variety of colloids by 
electrodialysis between two semi-permeable mem- 
branes, Pauli, Stamberger & Schmidt [1937] ob- 





LL aN — (ny fheengih wer we, 
a 














uble 


hate 

the 
lan- 
hos- 
pase 
ic P 
)5.N 
tion 
yses 
lac- 
ers, 

the 


lan- 
ver, 
mg. 
late" 
ded 
yer) 
did 
ard 


ery 


y & 
neil 


eful 


viol. 

















Vol. 37 


served the formation, in the fluid within the 
membrane cell, of superposed layers of different 
colloids [ef. Blank & Valko, 1928]. This is caused 
by the colloid particles’ migrating to the membrane 
and concentrating at its surface. If the current 
density is not too great the colloidal particles are 
then more under the influence of gravity than of 
the electric field, and they move along the vertical 
face of the membrane, downwards if their specific 
gravity is greater than that of the dispersion me- 
dium, or upwards if it be less. These findings were 
applied to the concentration of rubber latices by 
Pauli et al. [1937]. 

It seemed that it might be possible to apply the 
method to the separation of protein mixtures. Thus, 
if the electrodialysis of a mixture were carried out in 
a buffer solution at the pH of the isoelectric point 
(1.E.P.) of one particular protein, under suitable 
conditions of current density and of time, the other 
proteins would move to one or other of the mem- 
branes and there concentrate in the lower layers, 
thus leaving the required protein in solution in the 
upper layers. This could then be removed from the 
cell by appropriate means. By repeating the process 
at different pH’s it should then be possible, by 
successive treatments, to resolve the mixture into 
a series of electrically homogeneous constituents. 
This process we designate ‘electrodecantation’. 


METHODS 


Fig. 1 shows the elevation, through the middle of 
the glass parts, of the apparatus. It consists of 
two outer glass cells A, the circular open ends 
of which are covered by cellophane membranes 
C; the closed cells so formed are separated from 





Fig. 1. Longitudinal section of electrodecantation cell. 


each other by a short cylinder of glass, so that 
when clamped together, the middle cell B is formed. 
The inner radius of the ends of the cells A, which 
carry the membranes, is 11 cm., and the distance 
from the membranes to the inner surface of the 
rubber bungs D, through which the electrodes are 
inserted, is 9cm.; the width of the glass cylinder 
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separating the outer cells from each other is 1-8 cm. 
Each electrode, EZ, consists of a circular carbon disk 
of diameter 9cm. and is connected to a 12 V. 
battery by a carbon rod F, passing through the 
rubber bungs D; a voltmeter and an ammeter are 
included in the circuit. For clamping the apparatus 
together two vertical boards of hard wood, 18 x 
22 cm., G, are used, the shorter edge being used as 
the base; these boards also serve as a stand for the 
apparatus. Each has a circular hole of diameter 
7cm., the lower edge of which is 11 cm. from the 
base, so that the neck of the cells A may be in- 
serted. Four bolts, 15cm. long, passing through 
the two wooden boards, are used to clamp the 
apparatus, by pressure on the outer surface of the 
cells A, heavy rubber washers being inserted between 
the boards and the glass surface of the cells A to 
prevent fracture; thin rubber washers of width 
1 cm. are placed between cells A and B. 

Holes in the cells A, through which the buffer 
solutions may be introduced or withdrawn, are 
provided at H, while holes for the introduction and 
removal of the protein solutions are provided in the 
middle cell B at I, and J,. 


Investigation of method 


For test purposes a mixture of ovalbumin and 
haemoglobin was used. The ovalbumin was pre- 
pared by dissolving purified egg albumin (B.D.H., 
Ltd.) in distilled water, filtering and adding to the 
filtrate an equal vol. of sat. (NH,),.SO,; after stand- 
ing overnight at 0°, the mixture was filtered and 
dialysed against distilled water. When free from 
(NH,),SO, the albumin solution was dialysed 
against a suitable buffer of the pH'required in each 
particular experiment. 

The haemoglobin was prepared by haemolysis of 
human red cells which had been washed well with 
isotonic saline. The concentrated crude solution was 
precipitated with sat. (NH,).SO,, dialysed first 
against distilled water, and then against buffer 
solutions of the required pH, as described for the 
albumin. 

The buffer solutions used throughout consisted 
of suitable mixtures of 0-2M NaH,PO, and 0-1M 
citric acid. The electrolysis was carried out at 0° at 
a potential of 1 V./em. with a current of 0-8 amp.; 
the duration of each run was 6 hr. It was found by 
a series of experiments with haemoglobin solutions 
that at pH_ 5, after 6 hr. of electrodecantation, the 
upper one-third of the solution in the middle cell was 
free from haemoglobin; a similar result was obtained 
with egg albumin solutions at pH 7. 


RESULTS 


After the preliminary experiments, the separation 
of haemoglobin from egg albumin was investigated. 
Solutions of haemoglobin and egg albumin were 
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prepared as described, and these were finally 
dialysed against several changes of buffer at the 
approximate 1.E.P. of haemoglobin, i.e. pH 6-8. 
Total N was determined on each solution, and the 
protein concentration was taken as 6-25x N. Suit- 
able volumes of each solution were then mixed 
together to yield a solution containing 1:1% 
haemoglobin and 0-9% albumin. The solution was 
submitted to electrodecantation at pH 6-8, under the 
conditions already described. After 6 hr. the middle 
cell (capacity 240 ml.) was emptied by running out 
twelve 20 ml. portions very slowly from the tap 
at I,. The total protein content of all the fractions 
so obtained was determined by Kjeldahl nitrogen 
estimation, the haemoglobin in each fraction being 
estimated colorimetrically against a standard pre- 
pared from the original haemoglobin solution. The 
concentration of albumin and haemoglobin in each 
fraction was then calculated. In Table 1 the first 
fraction (from the bottom of the cell) is numbered 
12, while 1 represents the last 20 ml, from the top 
of the cell. 

Table 1 shows that fractions 1-4 were completely 
free of albumin, and that a progressive increase in 
the albumin concentration occurred as the bottom 
of the cell was approached, the last fraction con- 
taining 2-5 g./100 ml. of this protein. In 6 hr. it is 


Table 1. Concentration of albumin and haemoglobin 
at different levels in the cell 


Haemoglobin 


No. of Albumin 
g-/100 ml. 


sample g./100 ml. 
1 (top of cell) 0-0 
2 


2 

S 
~ 
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1] 
12 (bottom of cell) 
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possible thus to free one-third of the cell contents 
from albumin, and so to obtain one-third of the 
haemoglobin as an electrochemically homogeneous 
fraction. It had been anticipated that the haemo- 
globin concentration would remain constant in all 
12 samples. Actually, as Table 1 shows, the frac- 
tions 1-6 retained the original concentration of 
1-1 g./100 ml., fraction 7 was lower, ‘i.e. 1-0 g./ 
100 ml., while the remaining 5 fractions contained 
0-8 g./100 ml. giving an average concentration of 
0-96 g./100 ml., an apparent loss of about 13% of 
the original haemoglobin. This apparent loss was 
due to precipitation. When the haemoglobin con- 
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tent of each fraction was estimated on the cleared 
solution the precipitated haemoglobin remained 
unestimated; it was included, however, in the 
total N content, which was determined on a well- 
shaken sample. Thus in Table 1 the figures for 
albumin in the lower fractions are slightly higher 
than they should be. 

The reason for the precipitation of a small frac- 
tion of the haemoglobin is not clear. The pH at 
which the electrodecantation was carried out was 
deliberately chosen to be slightly‘on the alkaline 
side of the 1.£.P., and doubtless there was a slight 
migration of the haemoglobin under these condi- 
tions with a subsequent precipitation of a small 
part of it. 


DISCUSSION 


Although the methodi s still in the experimental 
stage, these results indicate that it should be ap- 
plicable to many biological problems where the 
isolation of homogeneous protein fractions is in- 
volved. Thus, at the present time, it is being used 
for the separation of the biologically active globulins 
of immune horse serum. The apparatus is simple, 
and considerable quantities of material can be ob- 
tained rapidly at a low cost. There is, moreover, 
no theoretical reason why the apparatus should not 
be greatly enlarged, with a corresponding increase 
in output. The apparatus may be improved by the 
introduction of modifications to allow a continuous 
change of buffer solution in the outer cells, and by 
the provision of suitable taps, placed at different 
levels in the central compartment, to facilitate the 
removal of successive layers of the cell contents at 
the close of an experiment. 

The optimum conditions of pH, time, and current 
density, for separation of different protein mixtures 
requires individual investigation. 


SUMMARY 


1. A preliminary description of a new method 
for the separation of protein mixtures is described. 

2. The method, which depends on electro- 
phoresis, possesses an advantage over the method 
of Tiselius in that it makes possible the preparation 
of considerable quantities of electrically homo- 
geneous protein fractions. 

3. The application of the method to the separa- 
tion of mixtures of albumin and haemoglobin is 
described. 


The author is indebted to Mr E. A. Murphy and the 
Dunlop Rubber Co., Ltd., for the loan of a glass electro- 
dialysis apparatus. His sincere thanks are due to Prof. 
H. J. Channon for hospitality in his laboratory as well as 
for his invaluable advice, criticism and help throughout 
this work. 
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The Reaction of Heparin with Proteins and Complex Bases 


By L. B. JAQUES, From the Department of Physiology, University of Toronto 


(Received 1 December 1942) 


Owing to its strongly acid nature, heparin forms 
stable salts with many proteins, examples of which 
have been reported by a number of workers, e.g. 
Reiner & Kopp [1928], Fischer [1931], Chargaff & 
Olsen [1937], and Scott & Fisher [1942]. The general 
nature of the reaction was first indicated by Fischer 
[1935] and Fischer & Astrup [1935] who studied 
its kinetics. While other examples of the reaction 
are now being reported, many authors appear to 
have overlooked these important contributions by 
Fischer, and in particular his finding that the reac- 
tion is a simple salt formation in which reversible 
dissociation of the salt occurs according to the mass 
law [Fischer & Astrup, 1935]. This latter point 
means that data may be analysed more thoroughly 
than hitherto, and that confusing results have fre- 
quently a simple physico-chemical explanation. 
During studies on heparin, the author has frequently 
confirmed Fischer’s original observations in experi- 
ments carried out as controls for other studies. 
These findings, and the results of other experiments, 
are reported in this communication. 

Three principles are available for the demonstra- 
tion of the reaction of heparin with proteins. These 
are: (1) direct observation of the formation of the 
compound, e.g. precipitation of the gelatin-heparin 
compound when the two solutions are mixed; 
(2) the alteration in the properties of the protein, 
e.g. the shift in the isoelectric point (1.E.P.) of 
casein; the decrease in precipitability of serum 
globulin by alcohol, heat, and other precipitating 
agents [Fischer, 1935]; loss of activity by fumarase 
[Fischer & Herrmann, 1937]; (3) alteration in the 
properties of heparin, e.g. loss of dialysing power 


‘with egg albumin [Fischer, 1935] and loss of anti- 


coagulant activity with protamines [e.g. Fischer, 
1935; Chargaff & Olsen, 1937]. In our experience, 
it is necessary to choose a suitable method for each 


protein. 


Failure to observe compound formation does not 
necessarily indicate that it has not occurred. Thus 


when the heparin-protein compound is soluble under 
the conditions of the experiment (e.g. protamine in 
the presence of plasma) precipitation of the com- 
pound cannot be observed. The reaction can, 
however, still be detected by suitable indirect 
means (in this case by the loss of anticoagulant 
activity of the heparin). 

Fischer indicated that a stoichiometric relation- 
ship existed between heparin and thromboplastin 
(and that presumably this extended to other pro- 
teins). Fischer & Astrup [1935] investigated this 
stoichiometric relationship more fully and found 
that the reaction could be represented as 

Protein + heparin = protein-heparin. 
From the mass law, Corotein X Cneparin _ 7 
protein-heparin 
Then, if a be the concentration of protein added, 
c the concentration of free protein, and b the con- 
centration of added heparin, a—c is the concentra- 
tion of the product formed by the reaction, b — (a —c¢) 
is the concentration of free heparin, and 


_e{b—(a—c)} 


a-—c 


Fischer & Astrup [1935] obtained satisfactory 
agreement with this equation for the mutual inter- 
action of thromboplastin and heparin on hen 
plasma. The author has also found this to give good 
agreement for the reaction of heparin with casein, 
protamine, and toluidine blue, a non-protein basic 
substance. On the basis of these and other experi- 
ments, it seems likely that it is true of the reaction 
with all proteins, sufficient reversible dissociation 
taking place to have a significant effect on the 
kinetics of the reaction. The data of other authors 
show no disagreement with this view and tend to 
corroborate the general nature of the reaction. 
Actually, the earliest studies on heparin indicated 
that the biological action of heparin depended on 
such a reaction, since they showed that peptone 


K (1) 
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plasma could be clotted by simple dilution, i.e. by 
increasing the dissociation of the heparin-protein 
compound its anticoagulant effect could be annulled 
[Morawitz, 1905}. 

METHODS 


Heparin was supplied by the Connaught Labora- 
tories, University of Toronto, and had been crystal- 
lized as the barium salt. The sodium salt has also 
been used. Heparin was assayed either by the 
Howell cat method [Jaques & Charles, 1941], or by 
means of its metachromatic reaction with toluidine 
blue, when the Lovibond tintometer was used. The 
temperature for all experiments was 25°. I am 
indebted to Dr A. M. Wynne of the Department of 
Biochemistry for the use of an Evelyn photoelectric 
colorimeter. 

Reaction of heparin with casein. This reaction is 
easily demonstrated, because although casein has 
an 1.E.P. at pH 5-0, that of the casein-heparin com- 
pound is at pH 3-6. The compound is soluble at 
pH 5-0, and Fischer & Schmitz [1932] used this fact 
in assaying heparin. The 1.£.P. of the casein was in 
the region of pH 4-6—4-9 (found value pH 4:8), 
whereas that of the casein-heparin was in the region 
of pH 3-5—4:3 (Table 1). The shift is as marked as 
that with eosin [Jordan-Lloyd & Shore, 1938]. The 
reaction was then studied at pH 5-0 by adding 
1 ml. casein solution (50 mg./100 ml. N/10 Na 
acetate) to 9 ml. of N/180 acetic acid containing 
varying amounts of heparin and measuring the 
turbidity in an Evelyn colorimeter (Table 2). The 
turbidity values were converted to mg. of free 
casein by the experimentally determined equation 
C=3-96T + 0-0261. Owing to the small portion of 
the scale used for the determination of turbidity, 
a considerable spread in the experimental values 
was found. The calculated values of K are given 
in Table 2, and show fairly good agreement. For 
convenience these values were calculated in terms 
of units of heparin and mg. of casein. 

Reaction of heparin with toluidine blue. This im- 
portant reaction was reported by Jorpes [1939] for 
use as a histological test for heparin. It consists in 
measuring the red colour of the compound. The 
reaction was studied with the aid of the Lovibond 


Table 1. Effect of heparin on the isoelectric 
point of casein 


— no precipitation. + degree of precipitation. 


pH Casein + Heparin pH Casein + Heparin 
5-80 + ~ 4-34 ++ +++ 
531 + - 4-14 ++ + bot 
4-88 ++ + 3-52 - +++ 
4:78 +t + + 1-90 - + 
4-56 ++ ++ 


Casein (B.D.H. light white soluble), 1 mg./ml. Heparin, 
0-1 mg./ml. Buffer, 0-2N K acetate-acetic acid. pH mea- 
surements by the Beckmann glass electrode. 


L. B. JAQUES 


1943 


tintometer. A sample of Groebler’s toluidine blue 
was used, 1 ml. being added to 4 ml. of heparin 
solution in saline containing 0-25% Ca chloride. 
Table 2 shows that this compound formation is of 
the same type as that produced with proteins, the 
results showing good agreement with the mass law. 


Table 2. The reaction of heparin with casein 
and toluidine blue 


a (amount of casein added) =0-5 mg. pH =5-0 


Heparin Free 
added casein : 
mg. x 10-2 mg. K _¢{b-(a-¢)} 
=b Turbidity =C¢ a-c 
0-00 0-1206 0-503 _ 
0-153 0-1065 0-447 0-84 
0-459 0-0757 0-326 0-53 
0-765 0-0655 0-285 0-73 
1-22 0-0518 0-269 0-82 
1-53 0-0339 0-160 0-56 
1-53 0-0458 0-208 0-88 
4-59 0-0155 0-270 0-88 
7-65 0-0044 0-0435 0-69 
15-3 00000 0-000 aoe 
Average 0-72 


a (amount of toluidine blue added) =5 mg./100 ml. pH =5-0 


Combined 
Tintometer dye 
Heparin red mg./100 ml 
mg. x 10-? reading =a-c K 

2-0 0-5 1-5 1-00 
4-0 3-5 2-6 1-54 
5-0 4-8 3-1 1-81 
6-0 6-0 3-5 1-65 
7-0 6-5 3-7 1-75 
8-0 6-5 3-7 1-64 
Average 1-56 


Reaction of heparin with gelatin. While the reac- 
tion with casein is readily detected by the markedly 
different 1.5.P.’s of the protein and of its compound 
with heparin, the reaction with gelatin, and also 
that with protamine, can be studied over a wider 
pH range, since the compounds formed between 
these proteins and heparin were found to be rela- 
tively insoluble over the range pH 2-5-10-5. In- 
creasing amounts of gelatin were added to 2-4 mg. 
of heparin. The mixtures were centrifuged and the 
N content of the precipitates determined by the 
micro-Kjeldahl method. The heparin present in the 
supernatant was determined colorimetrically, that 
in the precipitate being calculated by difference. 
It can be seen (‘Table 3) that increasing the concen- 
tration of gelatin first increases, and then decreases, 
the amount of precipitate, i.e. the precipitate is 
soluble in the presence of an excess of gelatin. The 
composition of the precipitate, however, remains 
unchanged. It should be pointed out that not all 
samples of gelatin form an insoluble heparin com- 
pound. For these experiments the gelatin used was 
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an ordinary commercial gelatin, but a sample of 
Eastman Kodak technical gelatin, and also a sample 
of carefully prepared fish collagen (courtesy of Prof. 
N. B. Taylor) failed to give any precipitate with 
heparin over a wide range of concentration and pH. 

Reaction of heparin with protamine. Chargaff & 
Olsen [1937] observed that when heparin and pro- 
tamine are mixed an insoluble complex is formed, 
and showed by direct analysis of the complex that 
a simple salt formation had occurred. We mixed the 
protamine, salmine (Connaught Laboratories) and 
heparin in a total volume of 5 ml. containing 0-5 ml. 
of 10% CaCl,, the amount of precipitate formed 
being estimated by determining its N content by 
the micro-Kjeldahl procedure (Table 3). The values 
obtained for the dissociation constant showed that 
with this reaction also, partial dissociation of the 
compound occurs. 


Table 3. Reaction of heparin with gelatin 
and protamine (salmine) 


Ilml. of heparin (2-4 mg.) added to 3 ml. of gelatin 
solution. pH =3-9. 


Gelatin N Heparin 

added N in ppt. in ppt. N/heparin 
mg. mg. mg. in ppt. 
0-66 0-050 0-26 _ 
1-31 0-714 1-53 0-47 
2-62 1-41 2-06 0-68 
4-58 0-798 1-85 0-43 
6-55 0-606 0-97 0-62 

13-1 0-122 0-26 0-48 

26-2 No precipitate 


Heparin added to the protamine, salmine (Connaught 
Laboratories). Total volume=5 ml. pH=2-5. CaCl, con- 
centration =1%. 


N in ppt. 


Heparin Protamine 
mg. mg. N mg. K 
0-1 0-347 0-050 0-297 
0-2 0-347 0-087 {0338 
05 0-347 0-150 0-398 
1-0 0-347 0-244 0-319 
1-0 0-173 0-174 — 
1-0 0-069 0-066 — 
1-0 0-034 0-030 _ 
Average 0-338 


Inactivation of heparin by proteins. As Fischer 
[1935] first indicated, certain proteins possess the 
power, not only of combining with heparin, but also 
of inactivating this anticoagulant. Chargaff & Olsen 
[1937] suggested the use of this reaction to inacti- 
vate heparin both in vitro and in vivo. The proteins 
possessing this property in the highest degree are 
the protamines, salmine and clupein. The protamine 
was thought to inactivate heparin by precipitating 
the latter, as in the above studies. If, however, 
protamine and heparin are mixed in the presence of 
plasma and in the concentrations normally used, 
precipitation does not occur, although inactivation 
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has taken place. That this is so can be seen by 
testing for the anticoagulant activity of heparin. 
This shows that protamine has combined with 
heparin to form an inactive compound. 

The reaction can be further studied by adding 
increasing amounts of protamine to heparinized 
blood and determining the clotting time. As re- 
ported by Jaques, Charles & Best [1938] the clotting 
time decreases until it reaches the normal value 
found in the absence of heparin, and then increases 
again. In the presence of excess heparin or pro- 
tamine the clotting time is prolonged and itis only at 
the equivalence point that the normal clotting time 
obtains. At the equivalence point the ratio of 
heparin to protamine was constant. This is true of 
any one protamine preparation, but more recent 
work has indicated that it is different for different 
preparations. Such a protamine titration is re- 
ported in Table 4. The experiment was carried out 
as previously described [Jaques e¢ al. 1938], using 
the protamine, salmine, and adding 1 ml. of freshly 
drawn dog’s blood to various mixtures of heparin 
and protamine. Also reported are the clotting times 
with heparin, and protamine alone. It can be seen 
that 0-5 mg. of heparin required 1-62 mg. of pro- 
tamine to restore the clotting time to normal, i.e. 
3-2 mg. protamine/mg. heparin. The same equiva- 
lence value was obtained with 0-1 mg. of heparin. 
It was shown that the reaction between protamine 
and heparin could be expressed by equation (1). 
The data indicate that in the presence of serum also 
dissociation of the protamine-heparin compound 
occurs. Thus the equivalence value for 0-5 mg. of 
heparin is 1-62 mg. protamine, whence 1-37 mg. 
protamine would combine with 0-42 mg. heparin. 
Thus there would be 0-08 mg. free heparin which 
would give a clotting time of over 24 hr. (0-008 mg. 
heparin gave a clotting time of 2 hr.). However, the 
clotting time with 1-37 mg. protamine was only 
9 min. (corresponding to 0-002 mg.). The reason for 
this follows from the previous discussion, i.e. the 
large amount of protamine at the equivalence point 
is not that required to combine with heparin, but 
that required to suppress dissociation of the pro- 
tamine-heparin compound. The values of the mass 
law dissociation constant calculated for the clotting 
times obtained with 0-5 mg. heparin were 0-39, 0-33, 
0-44x 10-2 (average=0-39x 10-?). The average 
value of K for a sample of thymus histone, calcu- 
lated from the data reported by Jaques e¢ al. [1938] 
was 0-76 x 10-2. Clearly, this dissociation is respon- 
sible for the sharpness of the titration of heparin 
with protamine. Protamine is only a weak anti- 
coagulant, but such a large excess of the protein is 
required to suppress completely the dissociation of 
the compound that the concentration of protamine 
need be increased only slightly for it to affect the 
clotting time. 
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Fischer [1935] reported that a number of proteins 
possess the power to inactivate heparin. These were 
chiefly basic proteins, such as the protamines, 
histones and haemoglobin. Inactivation also occurs 
with other proteins, such as the liver proteins. In 
this case it is necessary to incubate the protein and 
heparin at an acid pH. Denaturation of the liver 
protein by heating results in the inactivation of 
more heparin. We have confirmed Fischer’s results, 
using a saline extract of dog liver. Such experi- 
ments require careful controls, since the acid pro- 
tein solution may lower the pH of the test blood 
thus making it less sensitive to heparin [Fischer, 
1935], and suggesting that inactivation of the latter 
has occurred. Thus failure of the protein to annul 
the anticoagulant activity of heparin does not indi- 
cate that compound formation at the pH of the 
blood does not occur. For example, a gelatin- 
heparin mixture, in which almost all the heparin 
was found to be combined with the gelatin when 
the precipitate was removed and analysed, still 
showed full biological activity. 


Table 4. The effect of heparin and protamine 
on clotting time 


Heparin Clotting Protamine Clotting 
mg. time (min.) mg. time (min.) 
— 3 0-017 3 
— 2 0-025 4 
0-002 9 0-05 5 
0-003 22 0-10 7 
0-004 27 0-25 5 
0-006 54 0-25 8 
0-008 113 1-00 70 
Protamine Protamine 
(mg.) added (mg.) added 
to 0-1 mg. Clotting to 0-5 mg. Clotting 
heparin time (min.) heparin time 
0-25 5 1-00 2 br. 
0-30 4 1-25 15 min. 
0-32 2 1-37 9 min. 
0-35 3 1-50 11. min. 
0-40 6 1-62 2 min. 
0-75 10 2-00 1 hr. 


Factors influencing the dissociation constant of the 
heparin-protein compound. The dissociation of these 
compounds is markedly affected by the pH and the 
presence of other anions and cations (Table 5 and 
Fig. 1). These results have been obtained chiefly 
with toluidine blue, since it is relatively simple to 
obtain quantitative data with this base. Results 
obtained with a number of different proteins, how- 
ever, indicate that the same conclusions apply to 
them. A change in pH from 4-1 to 6-2 (Table 5) 
resulted in a tenfold increase in the dissociation 
constant. Hence, as with salts of many organic 
bases, the corresponding heparin compound may 
often be completely hydrolysed by warming with 
dilute alkali, the free base being precipitated. The 
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presence of various cations and anions also results 
in increased dissociation of these compounds since 
they compete for the heparin and the base respec- 
tively. The presence of 0-5% CaCl, (Table 5) in- 
creased the dissociation constant fivefold. Since the 
equilibrium depends on the relative dissociation 
constants of the protein (or dye)-heparin compound 
and of the salts of protein and heparin with the 
inorganic anion and cation respectively, further 
increase in the concentration of the inorganic salt 
results in the removal of a large proportion of the 
base from the heparin (Fig. 1). Of the three salts 
shown, NaCl is as effective as CaCl,, suggesting that 
the effect is not due to the cation alone. The 
presence of proteins such as protamine or those of 
horse plasma similarly decreases the amount of 
heparin bound to the dye. Sufficient citrated horse 
plasma was included in one series to give a final 
concentration of plasma of 60% by vol. and in 
another series protamine (2 mg./100 ml.) was added. 
In each case less heparin combined with the dye. 
The protein is here acting as a cation, and it is 
interesting that even the weak plasma protein can 
act in this manner if sufficiently concentrated. The 
presence of a strong acid such as CCl;.COOH also 
results in the dissociation of the compound (Fig. 1). 
5% CCl,.COOH completely inhibited the forma- 
tion of the heparin-dye compound, even when a 
very large excess of heparin was present. 1% 
CCl,.COOH decreased the amount of heparin bound 
to dye by 50 % when 0-05 mg. heparin was present. 

Impurities in crude heparin preparations may 
exhibit the type of competitive inhibition shown 
in Fig. 1 to a marked degree. Thus, during assays 
by the dye reaction, it was found that the prepara- 
tion showed no activity in concentrated solution. 
On diluting the preparation, however, heparin 
activity could be demonstrated. The effect of NaCl 
on the antithrombin activity of heparin, similar to 
that shown in Fig. 1 for its reaction with toluidine 
blue, has been reported previously [Jaques & 
Mustard, 1940]. In contrast to these results, Fischer 
reported that the presence of lipoid increased the 
binding power of proteins for heparin. 


Table 5. Effect of changes of pH and of the presence 
of calcium chloride on the dissociation constant of 
the heparin-base compound 


Base pH K 
Thymus histone 2-5 0-038 
4-1 0-043 
6-2 0-288 

8-2 1-68 

CaCl, (%) 

Toluidine blue 0-0 0-60 

0-1 1-16 

0-2 1-56 

0-5 3-06 
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Control 


+Protamine 


+ ZnSO, 


+Plasma 


+CaCl, 
+NaCl 


0°8 0-04 0-06 0-08 


Total heparin, mg. 
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Fig. 1. 


Effect of various factors on the reaction of heparin with toluidine blue. pH 9-8 (borate buffer). Final con- 


centration of reagents, dye, 5 mg./100 ml.; ZnSO,, CaCl,, NaCl, 5%; plasma, 60% (=4% protein); protamine, 


2 mg./100 ml. CCl,.COOH neutralized with NaOH. 


DISCUSSION 


The proteins here used were selected to illustrate 
certain extensions of Fischer’s theory. As Fischer 
[1935] established, the reaction is a simple salt 
formation between the acid heparin and the basic 
protein. As such, it obeys the mass law so long as 
the product remains in solution. When, however, 
precipitation of the product occurs, there may be 
considerable deviations from the mass law. This is 
to be expected since these substances possess a high 
electrostatic charge and the calculations are neces- 
sarily based on concentrations and not on activities. 
Since heparin possesses two types of acid groups 
and there are differences between the various 
amino-groups of a protein, there is also the possi- 
bility that combination of heparin and protein may 
occur in more than one proportion, i.e. a series of 
compounds of the general formula P,H, (P=pro- 
tein, H=heparin) may be obtained. Heidelberger 
& Kendal have discussed this type of reaction with 
respect to the precipitin reaction. As reported above, 
the reaction between heparin and certain samples 
of gelatin shows an equivalence point and an inhi- 
bition zone, as in the antigen-antibody reaction. 
Since, however, the composition of the precipitate 
does not change under these conditions, the inhi- 


bition phenomenon is probably best explained in 
terms of the electrostatic theory of electrolytes 
than by complex compound formation. 

Fischer stated that combination between heparin 
and protein occurs only near the I.E.P., and on its 
acid side. With histone and gelatin however, this 
appears not to be the case. Although a shift in pH 
towards the alkaline side increases the dissociation 
of the compound, it is possible for heparin to com- 
bine with proteins far on the alkaline side of their 
LE.P., e.g. gelatin precipitates with heparin even at 
pH 10. Hence, the greater part of the heparin in 
plasma must be bound to protein and not in the 
free state as suggested by Fischer. Further, it is 
possible by using a strong acid such as CCl,. COOH 
to bring about dissociation of the heparin-protein 
compound even on the acid side of the 1.E.P. 

Two values are important in a quantitative study 
of the reaction between heparin and a given protein. 
One is the amount of protein which combines with 
1 mg. of heparin, the other is the dissociation con- 
stant of the compound so formed. The former is best 
determined by preparing and analysing the com- 
pound, although Fischer & Astrup [1935] have 
suggested a possible graphical method. Since the 
molecular weight of heparin is not known, it is 
impossible to calculate the true dissociation con- 
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stant for even the simplest of these compounds. 
From equation (1), a function related to the disso- 
ciation constant can be obtained, but the concen- 
tration of the base must be expressed in terms of 
the equivalent amount of heparin, if it is desired to 
compare these values for different proteins. This 
has not been done in the case of the values so far 
reported, the constant having been calculated 
directly from the experimentally determined values 
in each instance. 

The amount of protein which neutralizes the 
anticoagulant activity of 1 mg. of heparin is also 
of practical interest. This depends both on the 
amount of protein required to combine with the 
heparin and on the dissociation constant of the 
compound. Thus 4-1 mg. of toluidine blue combined 
with 1 mg. of heparin, but 7-1 mg. of the dye was 
required to neutralize its anticoagulant activity. 
The reaction represents a kinetic equilibrium, and 
if a second protein (or other cation) be added to a 
solution of heparin+ protein the heparin will dis- 
tribute itself between the two proteins, according 
to their relative concentrations and to the dissocia- 
tion constants of the corresponding heparin com- 
pounds. Because the dissociation constant of the 
gelatin-heparin compound is greater than that of 
the compounds formed by heparin and the proteins 
of the clotting system in blood, if it is added to 
blood, practically all the heparin is transferred to 
the clotting system and its anticoagulant effect 
becomes apparent. If it is replaced by the prota- 
mine-heparin compound, however, no anticoagulant 
effect is observed, because the dissociation constant 
of the latter is smaller than those of the compounds 
formed by heparin with blood proteins. 

Our general conclusions should be applicable to 
the reaction of heparin with any protein with which 
it forms such compounds, e.g. silk peptone, gelatin, 
clupein, salmine, histones prepared from thymus 
and blood, haemoglobin, egg albumin, casein, serum 
proteins, liver proteins, coagulant tissue extracts 
and thromboplastic protein, fumarase and trypsin. 
Reaction has also been shown to occur with a 
number of organic bases, namely, benzidine, quinine, 
brucine, piperidine, and the basic dyes, thionin and 
toluidine blue. When the protein involved exhibits 
enzymic or other biological activity the heparin will 
have an inhibitory effect, e.g. it has a slight inhi- 
bitory action on complement. Since the heparin 
salts of proteins are often entirely different from 
their parent proteins, showing different solubilities, 
1.E.P.’s, etc. (the criteria usually employed to classify 
proteins), the question arises as to whether heparin 
also affects the antigenic properties of such proteins. 
Kyes & Strauser [1926] reported that heparin inhi- 
bited anaphylactic shock in pigeons sensitized to 
sheep serum, and this was decisively confirmed by 
Van de Carr & Williams [1928], who used the sensi- 
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tized guinea-pig uterine strip (Dale). A number of 
other workers, including the author, have failed to 
confirm these findings. It is clear, however, from 
the previous discussion on the reaction between 
heparin and proteins, that such inhibitory action 
will depend to a high degree on the relative con- 
centrations of heparin and protein, on the nature 
of the protein (including the degree of sensitization) 
and on the other proteins present. Hence it may 
be difficult to reproduce the necessary conditions. 

Fischer & Astrup established that this type of 
reaction occurred between thromboplastin and he- 
parin, the overall effect of the two on the clotting 
system agreeing with the values calculated from the 
mass law. Chargaff, Ziff & Cohen [1940] studied the 
same reaction isolated from the clotting system and 
found that in aqueous solution thromboplastin 
could be made by shaking to dissociate into cephalin 
and protein. They also found that when heparin 
was added to thromboplastin it displaced the 
cephalin in it. Our explanation would be that 
dissociation of cephalin and protein had occurred, 
followed by combination of heparin and protein. 
As the second compound would have a lower dis- 
sociation constant than the first, the reaction would 
proceed until the heparin had largely displaced the 
cephalin. Chargaff et al. [1940] found that this 
heparin-protein compound was inactive as an anti- 
coagulant in thrombin-fibrinogen mixtures, al- 
though it possessed full activity in plasma. This 
indicates that the compound is itself inactive as an 
anticoagulant; its dissociation constant is, however, 
fairly high and hence it is completely dissociated in 
plasma. This appears to be a more reasonable inter- 
pretation of the data than the assumption that the 
heparin-protein compound formed by the reaction 
is itself an anticoagulant. Washing the precipitate 
at pH 5-0 suppressed dissociation of the heparin- 
protein in the wash water. The same results were 
obtained with a cephalin-histone complex, but in 
this case the heparin-histone compound was inactive 
in plasma. This was to be expected, since, as re- 
ported above, this compound has a low dissociation 
constant. 

It is suggested that the view advanced as to the 
nature of the reaction of heparin and thrombo- 
plastin may be of value in considering all the 
reactions involved in the clotting system, i.e. that 
reversible dissociation of the various compounds 
involved may occur and that when several reactions 
are possible, that one will occur to the greatest 
extent which leads to the compound with the lowest 
dissociation constant. For example, Ferguson has 
postulated his ‘cephalin availability’ theory to 
explain the action of thromboplastin; according to 
this, thromboplastin serves to transfer cephalin to 
prothrombin. The idea of dissociable compounds 
presented here provides a mechanism for such a 
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theory. Further, trypsin and other proteolytic 
enzymes, by destroying the protein part of throm- 
boplastin, would increase its dissociation and speed 
the transfer of cephalin to prothrombin, thus pro- 
viding a mechanism for the action of trypsin on 
the compound, the practical significance of which 
Ferguson has stressed. In the case of those clotting 
factors which are enzymes, the theory becomes the 
well-known theory of Michaelis and Menten. From 
the foregoing it is evident (1) that this reaction of 
heparin should be considered in experiments re- 
quiring its use, and (2) that in studies on blood 
clotting, heparin activity may be affected by the 
presence of factors not usually considered. 


SUMMARY 


Heparin forms stable salts with many proteins. The 
resulting salt is markedly different in its properties 
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(isoelectric point, solubility, etc.) from the original 
protein. In solution, these salts show partial dis- 
sociation according to the mass law. The dissocia- 
tion constant of the compound varies with the 
protein, and the dissociation is markedly affected 
by pH and the presence of other anions and cations. 
The formation of compounds with a sufficiently 
low dissociation constant is followed by the loss of 
biological activity on the part of the anticoagulant. 
The application of these results to quantitative 
studies on blood clotting is indicated. 


The substance of this paper was presented before the 
meeting of the Division of Biological Chemistry of the 
American Chemical Society at Buffalo, N.Y., 9 September 
1942. The author is greatly indebted to Prof. C. H. Best 
for his kindly interest in the problem. This study 
has been supported by the John and Mary R. Markle 
Foundation. 
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The Isolation of Behenic Acid from Refined Mona Wax 


By J. REILLY, DOREEN A. KILBRIDE anp J. P. WILSON, From University College, Cork 


(Received 3 December 1942) 


Montan wax has been refined by treatment with 
chromic acid in glacial acetic acid solution [Mar- 
cusson & Lederer, 1931]. Mona wax isolated from 
Trish peat [Reilly & Wilson, 1940] was not changed 
by this mixture. A sulphuric acid-chromic acid 
mixture gave 72-5% of a pale yellow acidic wax. 
Its properties are compared with those of Mona 
wax in the following table: 


Mona wax Refined Mona wax 
Acid value 46 149 
Saponification value 98 173 
Ester value 52 24 
Iodine value 30 5-5 
M.P. 70° 73-5° 


The acids were isolated by the usual procedure 
[(Chibnall, 1934; Reilly & Wilson, 1940] and con- 
verted to their methyl esters. By a series of frac- 


tional distillations in vacuo, the latter were sepa- 
rated into a number of fractions. From one of 
these, an acid was isolated whose equivalent weight 
and elementary analysis suggested that it might be 
behenic acid C,,H,,0,. 

Stohmann & Langbein [1890] found the m.p. of 
behenic acid, obtained by the reduction of ethyl 
erucate, to be 77—78°. The value obtained in the 
present investigation was 77-5°. A more recent 
determination on the synthetic acid by Francis, 
Piper & Malkin [1930] gave a value of 80-0°. To 
determine its identity, the acid was submitted for 
X-ray crystallographic examination. C. H. Carlisle 
and D. M. Crowfoot (see below) showed, by mea- 
surements of the B and C crystal spacings, that the 
acid was contaminated with 2-5-10% of CopHy O02, 
and probably with traces of a higher acid, C,,H,,0,. 
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Holde [1924], from a consideration of the theory 
of fat formation proposed by Buchner & Meisen- 
heimer [1908], concluded that only normal fatty 
acids with an even number of carbon atoms can 
occur in nature. Francis et al. [1930] fully supported 
his conclusion by their work on a number of the 
higher naturally occurring acids. From an exami- 
nation of the X-ray photographs they also con- 
cluded that a separation into single acids was almost 
impossible (except when one acid occurred in the 
mixture in preponderating amounts). Stadler [1933] 
on the other hand, claims that, after a series of 
carefully executed fractional distillations in vacuo, 
he isolated, from Bohemia Montan wax, two pure 
acids containing an uneven number of carbon atoms 
(Cy,H540, and Cy,H;.0,). 

The present investigation was an attempt to 
verify the last author’s results. By using similar 
distilling apparatus, and adhering to his conditions, 
the present authors isolated behenic acid (C..H,,0.), 
in an impure condition. These results do not, there- 
fore, support his claim, but are further evidence in 
favour of the conclusions reached by Francis et al. 
[1930]. 

EXPERIMENTAL 


A total of 190 g. of pure refined mona wax was used. 
Saponification and isolation of calcium salts. 50g. wax 


were dissolved in 500 ml. benzene and 200ml. ethanol. ° 


25 g. KOH, in 250 ml. ethanol, were added to the hot solu- 
tion and the mixture boiled for 3 hr. under reflux. The 
content of the flask was divided in two and a hot solution 
of anhyd. CaCl, (200 g.) was added slowly to each portion 
while nearly boiling with vigorous shaking. The solution 
was boiled for 1 hr. to complete the reaction. The Ca salts 
were filtered off, dried, ground and extracted exhaustively 
with benzene in a Soxhlet apparatus. 

Formation of acids and esterification. The powdered cal- 
cium soaps were added in small quantities to warm dilute 
HCl (1 part acid : 2 parts water) and the mixture boiled 
till the fatty acids floated in a brown layer on top. When 
cold, the acids were removed and washed free from mineral 
acid. Acid value, 185. 

The acids were esterified in 20g. lots. 20g. acid were 
refluxed with 1200 ml. methanol and 40 ml. cone. H,SO, 
for 8 hr. The brown solution of the ester was then decanted 
from the brown-black residue. After distilling off most of 
the alcohol the remainder was poured into a large volume 
of water, when the esters were precipitated. The water was 
then heated to boiling, when a brown layer of esters col- 
lected on top. These were separated and washed free from 
H,SO,. Acid value, 22; saponification value, 178; iodine 
value, 2°8; M.P. 73°. 

An attempt to reduce the acid value by re-esterification 
failed. The method of Buxton & Kapp [1940], which de- 
pends on removing free acid as the K salt, was used, but 
it reduced the acid value only to 11. Total weight of methyl 
esters, 115-8 g. 

Fractionation. All-glass, electrically heated, fractionation 
columns, similar to those described by Stadler [1933] and 
Longenecker [1937], were used. Each consisted of an inner 
tube packed with Lessing rings. This was surrounded by 
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another tube on which was wound nichrome resistance 
wire. An outer insulating tube enclosed both heating tube 
and column. The flask containing the esters was fused to 
the bottom of the column for each distillation. The heating 
of the column was controlled by external variable re- 
sistances and the temperature measured by an iron-nickel 
couple inserted between the column and heating jacket. 
Jantzen & Tiedecke [quoted by Stadler, 1933], in a study 
of fractionation, found that the boiling-point was not de- 
terminate of the course of fractionation. These workers 
fractionated according to the melting-points of the dis- 
tillate. This method was used by Stadler [1933] and was 
adopted in the present work. 

Preliminary distillation was undertaken in order to free 
the esters from any impurities, and to divide them into a 
higher and a lower fraction. The ester was divided into 
three portions (two of 40g., one of 35-8 g.). Each was 
distilled (2-5 mm.) from a 250 ml. Claisen flask, and the 
distillate collected by means of a Perkin triangle. 


Lower fraction 56-6 g. 
Higher fraction 28-9 g. 
‘Total 85-5 g. 


Fractional! distillation. The lower and higher fractions 
were placed separately with some glass wool and powdered 
pumice stone in two 250ml. Pyrex flasks which were 
fused to the bottom of a column 47 cm. long and 3 cm. 
internal diameter. Test tubes fused on to the side arm were 
used as receivers. Table 1 gives the details of fractionation 
of the higher and lower fractions. IF is the lower, and 
IIF the higher fraction. 


Table 1. Fractional distillation of higher 
and lower ester fractions 


Dist. 
Frac- Weight M.P. temp. Pressure 
tion g. °C, oC. mm. 
IF. Total 56-6 g. Distillate 49-41 g. 
(i) 4-10 Liquid 90-125 
(ii) 2-68 Semi-liquid 136 0-10 
1 3-68 31-5 126 
2 1-96 34-0 136 
3 5-70 37-5 138 A.V. 7-4 
4 2-33 38-5 146-150 
5 1-59 40-5 157 0-15 
6 1-82 41-0 160 
iz 3-84 42-3 166 
8 4-25 42-5 168 
9 2-02 45-0 155 
10 2-67 46-5 160-166 
ll 2-98 47-0 163 0-15 
12 3-17 48-5 154 A.V. 7-7 
13 4-04 51-5 178 
14 2-58 54-0 186 0-30 
IIF. Total 28-9g. Distillate 26-62 g. 
(i) 2-97 Liquid 156 0-20 
1 4-08 39-5 170 
2 5-09 45-0 172 
3 2-88 49-0 182 
4 4-78 53-0 174 av. 1-7 
5 3-49 53-5 205 
6 3-33 57-0 210 


The low acid values show that very little decomposition 
had taken place during the distillations. 
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Table 2. Grouping of ester fractions 
for further distillation 


Fractions M.P. range 
Group combined *€. 
IR. 19-11, I12 45-0-47-0 
IIR. 114, 11 4,5 53-0-53-5 
IIT R. 112-13 48-5-51-5 
FF {tt R 7-10 48-8-52-5 
ra III R 2-4 


Table 3. Data for distillation of the 
three main fractions 


Dist. 
Fraction Wt. M.P. temp. Pressure 
no. g. =C. =€, mm. 
(a2) Fraction I R. Total 12-7 g. Distillate 12-3 g. 
(i) 0-50 Liquid 92 0-05 
1 0-83 41-0 101 
2 0-58 40-5 112-5 
3 1-59 43-0 106 
4 0-60 43-5 109 
5 0-93 45-0 114 
6 1-2 46-0 111 0-01 
7 0-87 48-0 112 
8 0-46 47-6 106 
9 0-38 48-5 106-111 
9A 1-00 49-0 _- 
10 1-66 49-5 122-4 
ll 0-97 50-5 115 
12 0-73 54-0 135-172 
(6) Fraction IT R. Total 10-17 g. Distillate 9-76 g. 
(i) 0-46 Liquid 92 0-05 
1 0-84 48-0 100 
2 0-87 51-5 126 
3 1-69 52-5 129 
4 1-87 54-0-54-6 118 
5 0-40 55-0 113 
6 1-11 56-5-57-2 138 
7 1-04 59-0-59-2 130 0-01 
8 1-48 -59-0 132 
(c) Fraction WIR. Total 530g. Distillate 4-81 g. 
1 0-35 48-0 98 0-03 
2 0-38 49-7 115 
3 0-59 50-2 120 
4 0-74 52-5 117 
5 1-40 53-5 130 
6 0-23 55-0 lll 
7 0-65 56-0 104 
8 0-47 56-4 120 
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The fractions were divided into groups according to their 
melting-points and the groups IR to IIIR were then dis- 
tilled separately through a smaller column of the same 
type (26 x2cm.). The scheme is clear from Table 2 and 
the data are given in Table 3. 

For the final fractionation, some fractions of the highest 
weight .and shortest temperature range were chosen 
(Table 4). Fractions IR7-10 and III R2-4 were combined 
and distilled through a third fractionating column. Instead 
of a flask, a small elongated bulb containing the ester was 
fused on to the end of the column. The bulb was wound 
with resistance wire (nichrome no. 15) for heating purposes, 
and the temperature was measured by means of an iron- 
nickel couple. This heating arrangement was found to be 
more satisfactory than the metal bath previously used, 
and allowed of more careful temperature control. 


Table 4. Data from final fractionation 


Total 5-0 g. Distillate 4-08 g. 


Dist. 
Fraction Wt. M.P. temp. Pressure 
no. g- °C. °C. mm. 
1 0-2 47-8 93 0-01 
2 0-42 48-5 94 
3 0-32 49-0 94 
4 0-36 49-1 94-100- 
5 0-33 49-2 100 
6 0-30 49-7 80 0-04 
7 0-29 49-7 88 
8 0-25 50-0 90 
9 0-41 50-3 95 
10 0-27 50-2 97 
ll 0-25 50-4 100 
12 0-28 50-5 102 
13 0-33 50-8 105 


Fractions nos. 10, 11 and 12 were worked up to obtain 
the acid. The results are given in Table 5. 


Table 5. Data on isolated behenic acid 


Quan- Nor- 
Origin tity KOH wmality Equiv. Acid MP. 
ofacid mg. ml. ofalkali wt. value °C. 
A 101-4 11-25 0-0261 344-2 162-7 
100-0 11:00 0-0261 340-0 164-9 77:5 
100-6 11-2 0-0266 336-0 166-8 
103-2 — 0-0266 3426 163-8 


A, therefore, consists mainly of behenic acid (C..H,,0.) 
of acid value 165, and equivalent weight 340-35. (Analysis: 
found 77-23% C, 125% H; 77-23% C, 12:7% H. Cale. 
for 77-6% C, 129% H. C2H440z.-) 


X-ray Crystallographic Examination of Fatty Acids Obtained from Mona Wax 


By C. H. CarRLisLE AND D. CRowFrooT 


In order to obtain further evidence on the composition of 
fraction A, it was submitted to X-ray crystallographic 
examination. For comparison, one of the higher melting 
fractions was studied in addition. 

The results of the X-ray examination are shown in 
Table 6, together with the most recent data obtained on 
pure fatty acids by Francis & Piper [1939]. This table 
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confirms the general conclusions already reached as to the 
main constituents of these fractions, and also shows clearly 
that neither fraction is pure. Unfortunately no exact X-ray 
measurements have been made on synthetic binary mix- 
tures of the acids most likely to be present, i.e. Cy9H4 O02, 
and C,.H,,0,, or some ternary mixtures of these acids 
with C,,H,,0,, and the variations in X-ray spacing of 
13 
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other mixtures, e.g. of C..H,,0, and C,,H,,0,, which have 
been examined [Chibnall, Piper & Williams, 1936], show 
too many irregularities to be used for direct comparison. 
Some estimate of the nature of the impurities present may, 
however, be made by correlating the X-ray measurements 
with the general observations made by Chibnall e¢ al. [1936] 
on the behaviour of fatty acid mixtures. For this purpose 
measurements had to be made of both the B and C 
polymorphic modifications, the X-ray photographs usually 
being taken of samples pressed lightly on to glass slides. 

A. The original preparation, when recrystallized from 
acetone, showed X-ray lines corresponding to the C modifi- 
cation alone. On recrystallization from benzene and from 
acetic acid, preparations were obtained, both of which 
showed lines due to B and C modifications on the same 
photograph. Such behaviour was noted by Piper and 
co-workers [Chibnall e¢ al. 1936] in the binary mixture 
containing 2-5-10% and 80-90% of the lower constituent. 
Here the C spacing is slightly lower, the B spacing slightly 
higher than the best values for pure C..H,,0,. Both these 
types of spacing change may be due to mixture of a small 
quantity of Cy9>H,,0,, say 2-5-10%, with C..H,,0,, but it 
seems very probable that the fraction still contains traces 
of other acids, particularly C,,H,,0.. 

IIT R5. This fraction, when recrystallized from methanol- 
ethyl acetate, showed the B spacing alone. While the spac- 
ings, both of this, and of the methyl ester, are intermediate 
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between those of C..H,,0, and C,,H,,0., the data do not 
fit very well with the observations that have been made 
on mixtures of synthetic C,.H,,0, and C.,H,,0,, so that 
the mixture is presumably more complex. 
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Table 6. X-ray measurements 


Acid M.P. Methyl ester 
fraction "0. B spacing C spacing spacing 
A 717-5 53-6 47-7 — 
UHIR5 81-9 56-5 _ 61-0 

Compare 
CopHy90, 73°5 48-45 44-15 52-3 
CopHy,O, 79-95 52-95 48-3 57-02 
SUMMARY 


1. The isolation of behenic acid from refined 
mona wax is described. 

2. The results of X-ray crystallographic exami- 
nation of the product, by C. H. Carlisle & D. Crow- 
foot, are reported. They confirm the conclusion that 
the isolated product consists largely of behenic acid. 


The authors wish to thank Mr J. P. Wilson for his 
assistance during some of the distillations and Mr J. 
McKenna for constructing the distillation apparatus. 
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A Study of the Excretion of Organic Antimonials 
Using a Polarographic Procedure 


By L. G. GOODWIN anv J. E. PAGE, From the Wellcome Bureau of Scientific Research, Euston Road, 
London, N.W.1, and the Chemical Research Department, Glaxo Laboratories, Lid., Greenford, Middlesex 


(Received 4 December 1942) 


Several attempts have been made to determine the 
rate of excretion of antimony compounds during 
the treatment of tropical diseases, and so to control 
dosage and avoid toxic symptoms. The early quali- 
tative tests for the presence of the metal in urine 
[Di Cristina & Caronia, 1916; Mallardi, 1921] were 
replaced by quantitative methods based upon the 
colorimetric determination of antimony as sulphide 


[Brahmachari, Das & Sen, 1923; Khalil, 1931] or by 
a modification of the Gutzeit test [Boyd & Roy, 
1929]. A summary of this work is given in Table 1. 
All the quantitative procedures were tedious; the 
degree of accuracy was low, and the chemical treat- 





brennan 


LS 


ment made it impossible to distinguish between | 


tervalent and quinquevalent antimony in the original 
samples. The subjects were various human patients 








1943 


D9 not 
made 
that 


ester 
ng 


bs 


ined 


ami- 
row: 
that 
acid. 
r his 
ir J. 


279. 
. 56, 


.. 38, 


_ Soc. 


sev 


r by 
Loy, 
le 1. 

the 
eat- 


A a ee 


yeen 


‘inal 
ents 





Vol. 37 


and laboratory animals, and a number of different 
antimony compounds were used, with varying 
dosages and methods, so that no scale of comparison 
had as yet been provided. The present work pro- 
vides such a scale for a number of widely used 
antimonials which have been injected in comparable 
doses into the same species of laboratory animal. 
It also introduces the rapid method of polarography 
for the direct determination of antimony in both 
tervalent and quinquevalent forms. A short sum- 
mary of a few of our results has already been 
recorded [Gocdwin & Page, 1942]. 


POLAROGRAPHY OF ANTIMONIAL EXCRETION 


199 


Roncato & Bassani [1934] and Kamegai [1939a, b]; 
for lead in blood by Teisinger [1938], in urine by 
Reed & Gant [1942], and in both blood and urine 
by Cholak & Bambach [1941]; for alkali metals in 
blood by Schweitzer [1936] and in urine by Kemula 
& Michalski [1939]. The determination of arsenic 
in biological materials has recently been reported 
by Bambach [1942]. The lengthy pretreatment is 
typical of the procedures usually required for the 
polarographic examination of such materials. 

The polarographic determination of antimony 
was described by Page & Robinson [1942], who 


Table 1 


Observer 
Di Cristina & Caronia [1916] 
Christopherson & Newlove 
[1919] 
Mallardi [1921] 


Renault, Monier-Vinard & 
Gendron [1922 
Brahmachari, Chaudhury, 
Das & Sen [1924] 
Brahmachari & Sen [1924] 


Delius [1925] 

Boyd & Roy [1929] 
Peter [1929] 

Khalil [1931] 
Piazza [1933] 


Khalil [1936 a, 6] 


Hassan [1937, 1938a] 
Weese [1937] 


Disease treated 


Mediterranean kala-azar 
Schistosomiasis 


Mediterranean kala-azar 
Mediterranean kala-azar 
Indian kala-azar 
Indian kala-azar 


Disseminated sclerosis 
Indian kala-azar 


Schistosomiasis 
Schistosomiasis 
Mediterranean kala-azar 


Schistosomiasis 


Schistosomiasis 


Normal rabbits 
Normal dogs 


Drug used 


Tartar emetic 
Tartar emetic 


Tartar emetic; stibacetin * 
Stibacetin 


Na antimonyl tartrate; 
urea stibamine 


Various antimonyl tar- 
trates 
Antimosan 


Na antimonyl tartrate; 
Neostibosan 

Fouadin (stibophen) 
Fouadin 
Tartar 
bosan 
Fouadin 


emetic; Neosti- 


Tartar emetic; Fouadin 


Neostibosan; Solustibosan 
Fouadin 


Method of assay 


Qualitative test (sulphide) 

Beam & Freak [1919] method 
presumably 

Semi-quantitative modified Marsh 
test 

Iodine (?) titration 


Modified Beam & Freak method 
Modified Beam & Freak method 


Marsh test 
Modified Gutzeit test 


Not stated 

Modified Beam & Freak method 

Semi-quantitative colorimetric 
test (sulphide) 

Colorimetric test for pyrocatechol 
said to run parallel with the 
urine Sb content 

Modified Gutzeit test on ashed 
urine 

Not stated 

Not stated 


Weese [19384] 


The polarographic method of micro-chemical 
analysis was devised about 20 years ago by Hey- 
rovsky, but it is only comparatively recently that 
self-contained instruments have become available 
for routine analytical procedures. Several compre- 
hensive accounts [Kolthoff & Lingane, 1941; Miiller, 
1941] of the principles of analysis with the dropping 
mercury electrode have been published, and these 
should be consulted for practical details of the 
standard procedures. The general factors to be con- 
sidered in quantitative work have been reviewed by 
Kolthoff [1942]. 

The polarograph has been widely used for the 
determination of the inorganic constituents of bio- 
logical materials, but the procedures are frequently 
tedious, since many organic substances are re- 
ducible at the cathode and the materials have 
consequently to be prepared for analysis by special 
pretreatments. Such methods have been described 
for the determination of copper in liver ash by 
Shoji [1931] and Mandai [1931] and in blood by 


demonstrated that in the presence of normal HCl 
the diffusion current for tervalent Sb is directly 
proportional to the concentration over the range 
0-05—0-0001 % Sb. Tervalent but not quinqueva- 
lent Sb in normal HCl has a half-wave potential 
versus the saturated calomel electrode of — 0-15 V., 
consequently tervalent Sb can be determined 
directly in the presence of the quinquevalent 
form. 

The determination of Sb in blood and urine 
is remarkably simple. Blood requires relatively 
little pretreatment, while for urine the deter- 
mination is direct. The half-wave potential of 
tervalent Sb versus the saturated calomel electrode 
being — 0-15 V., its characteristic step appears be- 
fore those of other reducible constituents of urine. 
The latter would completely mask small quantities 
of a substance less readily reducible than tervalent 
Sb. A similar procedure can be adopted for 
the determination of bismuth [Page & Robinson, 
1942]. 


13-2 


METHODS 


Technique of polarographic determination 

of antimony 
In order to estimate quinquevalent Sb it must first 
be reduced by boiling with Na sulphite, and can 
then be determined in the usual way. For a sample 
containing both ter- and quinquevalent Sb, the 
tervalent Sb is first estimated, the sample reduced, 
and the total Sb determined, the quinquevalent Sb 
being obtained by difference. These points are illus- 
trated in Fig. 1. Under favourable conditions, the 
error does not exceed + 2 % over the concentration 
range 10-1 to 10-*, +5% over the range 10-* and 
10-4, and +10% over the range 10-4 and 10-5 g./ 
100 ml. 


Current 


0 0-2 0-4 0-6 0-8 1-0 1-2 
Voltage 
Fig. 1. Antimony polarograms. 
(1) 0-0001 M sodium antimony’ gluconate. 
(2) 0-00005 M sodium antimony’ gluconate 
(3) 0-0001 M sodium antimony’ gluconate j reduced. 
(4) 0-00015 M sodium antimony’ gluconate 


A Cambridge polarograph [Page & Robinson, 
1942] was used for this investigation, the small cell 
being particularly useful, since it required only 5 ml. 
of solution. The supplementary 2000,F. electro- 
lytic condenser ensured a-sharp polarogram, which 
facilitated the measurement of small diffusion 


currents. 

All solutions were made normal to HCl and the 
Sb content adjusted within the range 0-05—-0-001 %. 
The instrument was calibrated by recording on the 
same photographic paper as the unknown, the 
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polarogram of a standard Sb solution. So long as 
the same capillary was employed and the mercury 
column maintained at a constant height, there was 
very little difference in the standardization during 
the course of several months. 


Polarographic estimation of antimony in urine 


Collection of urine. It was found that metal 
metabolism cages were unsatisfactory in this work, 
as small quantities of metals derived from the cage 
interfered with the Sb determination (especially in 
polarographic estimations). An all-glass metabolism 
cage was therefore devised, in which the animals 
rested upon a grille of glass rods, and the urine 
came into contact with nothing but glass. Groups 
of ten 20 g. mice were used in the cages, and the 

bladder of each one emptied by gentle pressure 

on the abdomen at the end of every collection 

period. The cages were washed down with 50 ml. 

of distilled water, a sufficient quantity to ensure 

recovery of 80-90% of the Sb in the cages, with- 
out undue dilution of the sample. 

Preparation of urine samples. (a) For estimation 
of tervalent antimony. The urine collected in the 
glass metabolism cage was made normal to HCl 
with strong acid and a sample examined im- 
mediately on the polarograph. The operation was 
performed as rapidly as possible after the addition 
of the acid as we have shown (vide infra) that many 
quinquevalent Sb preparations are hydrolysed to 
the tervalent state on standing with HCl. 

(6b) For estimation of total antimony. 5 ml. of 
the urine sample after treatment with HCl were 
boiled for 10 min. with about 0-05 g. Na sulphite, 
cooled, made up to 5 ml. with a few drops of strong 
HCl, and the total Sb determined. It is essential 
to boil off all the SO,, since Na,SO, in N HCl 
yields a step of its own, which seriously interferes 
with the Sb step. 


Polarographic estimation of antimony in blood 


(a) Estimation of tervalent antimony. It is essen- 
tial that the necessary treatment of the blood 
before polarography should not change the valency 
state of the Sb present, and that the reagents 
used should not interfere with the polarographic 
step for Sb. A preliminary investigation on the 

influence of protein precipitants was therefore 
necessary. 

Whole blood, serum or plasma cannot be used 
directly, since on addition of HCl the protein is 
precipitated and carries down a considerable pro- 
portion of the Sb with it. Trichloroacetic acid, 
tungstic acid and zine hydroxide interfere with the 
polarographic step. The only suitable protein pre- 
cipitant is sulphosalicylic acid, which has been used 
by Brdicka [1938] and also by Waldschmidt-Leitz 
& Mayer [1939] for the removal of protein from 
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serum, in their investigations on the polarographic 
detection of cancer. However, some loss of Sb 
occurs with whole blood and sulphosalicylic acid, 
even if the blood is diluted to 1 in 20, but the loss 
with plasma is considerably less, due to the smaller 
amount of protein precipitated from it. 


Table 2. 
1 in 10 dilution 
Sb!!! in solution 
g. x 10-4/100 ml. 
Sample Found Added 

1. Citrated blood 40-4 59-0 
2. Plasma 52-0 59-0 
3. Water 59-2 59-0 
4. Plasma 68-8 64-9 
5. Corpuscles 2-5 513 
6. Plasma —- — 
7. Corpuscles — — 


Table 2 shows the percentage recovery of ter- 
valent Sb from citrated blood and plasma to which 
known amounts of stibophen were added. The same 
quantity of stibophen was added to nos. 1], 2 and 3. 
Nos. 4 and 5 were obtained by centrifuging a sample 
of no. 1 immediately after the addition, while nos. 
6 and 7 were obtained after the blood had been 
standing for 6 hr. 

The technique finally adopted was as follows: 
1 ml. of the citrated blood was mixed with 19 ml. 
of distilled water in a centrifuge tube. 2 ml. of 
20% sulphosalicylic acid were added and the tube 
spun for 15 min. 5ml. of the clear supernatant 
liquid were pipetted off, treated with 1 ml. of strong 
HCl, made up to 10 ml. with distilled water and 
examined immediately on the polarograph. The re- 
covery of tervalent Sb was about 80%. 

(b) Estimation of total antimony. 1 ml. of citrated 
blood was pipetted into 7-5 ml. of 10% HCl and 
refluxed in a 50 ml. flask on a sand-bath for 2 hr., 
during which time the contents of the flask became 
clear except for a few brownish specks. After 
cooling, filtering and diluting to 20 ml., the solution 
was ready for the polarograph. 

In the course of this process, all the Sb was re- 
duced to the tervalent form, whatever had been its 
state in the original blood. The recovery was good, 
amounting to over 90% of the theoretical value 
when tested upon blood containing known amounts 
of stibophen or Na antimony’ gluconate. 

(c) Distribution of antimony between corpuscles 
and plasma. When the plasma was separated from 
a sample of blood to which Sb had just been added, 
the recovery was found to be more than 100%. 
The corpuscles, on the other hand, contained prac- 
tically no Sb, indicating that little had been ab- 
sorbed. After standing for 6 hr., the concentration 
in the corpuscles was still very much lower than 
that in the plasma. 


POLAROGRAPHY OF ANTIMONIAL EXCRETION 


201 


Colorimetric estimation of antimony in urine 


A modification of Clarke’s method [1928] was 
used. The urine was boiled with copper foil in the 
presence of HCl, the deposited Sb dissolved from 
the foil with Na,O, and water, and any copper 


Recovery of antimony after treatment with sulphosalicylic acid 


1 in 20 dilution 


Sb!!! in solution 


Recove' g- x 10-4/100 ml. Recovery 
of Sb!!! of Sbti! 
% Found Added % 

70 24-8 32-2 80 
90 a a eas 
100 32-4 32-2 100 
107 39-4 35-4 112 
5 3 = a 
_ 36-9 35-4 105 
— 4-5 29-0 15 


precipitated from solution with H,S. The filtered 
solution containing the Sb was acidified with H,SO,, 
evaporated to small bulk, and then treated with 
KI, aqueous pyridine and SO, in the presence of 
gum acacia as a protective colloid. The Sb in the 
clear yellow colloidal solution of the complex iodide 
was estimated with a Hilger ‘Spekker’ absorptio- 
meter, calibrated with standard tartar emetic 
solutions. 


RESULTS 


The rate of urinary excretion of organic 
antimonials by laboratory animals 


(1) Preliminary work using the colorimetric me- 
thod. Boyd & Roy [1929] studied the excretion of 
‘neostibosan’ (diethylamine p-aminophenylstibo- 
nate) after intravenous and intramuscular injection 
into kala-azar patients, and showed that the initial 
rate of excretion of Sb in the urine was very high, 
about 20% of the dose being recovered in the first 
2} hr. Stibamine glucoside (‘neostam’) is a quinque- 
valent compound of the same type as neostibosan, 
and its rate of excretion by mice was determined to 
see how it compared with that substance. A few 
tests were made on rats and hamsters, and certain 
other Sb compounds were also used. The results in 
Table 3 are a useful check on the more accurate 
polarographic determinations recorded in the fol-- 
lowing section (0). 

(2) Results using the polarograph. The excretion 
of the following tervalent and quinquevalent anti- 
monials was investigated : 

Tervalent. K antimonyl tartrate. Stibophen 
(‘Fouadin’)-Na antimony!!! bis-pyrocatechol-3:5- 
disulphonate. ‘Anthiomaline’-Li antimony"! thio- 
malate. 

Quinquevalent. (a) (‘emetic type’). Na SbvY glu- 
conate (= ‘Solustibosan’?). 
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Table 3. The excretion of antimony by laboratory animals (colorimetric method) 
% dose 
; excreted 
Method % dose excreted in urine (hr.) totally in 
Dose of in- 
Animals Drug mg.Sb/kg. jection 0-1 1-2 24 46 6-24 24-48 48-72 72-96 6hr. 24 hr. 
Mice (groups Stibamine 114 69 66 61 137 — _ _— 31:0 44-7 
of 10) glucoside 6255 ‘Subcut. 4152 145 80 60 82 — —_ _— 43-7 51-9 
(Sbv) . 2 ee Yee ee ON BO ee 
13-1 13-3 8-2 8-9 98 — _— _ 43-5 53-3 
Intrap. 416-6 4:8 6-9 4-0 77 — _— —_ 32:3 40-0 
254 23 114 69 83 — — — 46-0 543 
35-4 6-9 5-1 2-7 55 = — —_ —_ 50-1 55-6 
Intrav. {323 102 32 23 51 — — —_— 48-4 53-5 
23:0 12-3 40 13-6 48 — — — 52-9 57-7 
Stibophen ; . 32-4 38 13-0 3-2 54 — _ _ 52-4 57-8 
” (Sbit!) 410  Subeut. {410 ee Sere, es ee 
es 
40-4 9-6 2-2 41 5-7 —_— —_ 52-2 563 
Intrap. {14:0 12:8 17-6 6-6 78 — —_ — 51:0 58-8 
26-0 7:8 4-9 2-3 43 — — — 41-0 45-3 
Intrav. 660 65 2-5 17 54 — —_ —_ 76-7 82-1 
aa 
os Tartar 6-0 Intrap. 8-0 3-0 28 16-0 50 — — 13-8 29-8 
emetic 
(Sbi!) 
—_—_—_—_—_—— 
Rats (groups Stibamine 45-0 14 O68 O04 — 45-0 
of 6) glucoside 33-3 Intrap. ( 41-0 17 O68 03 — 41-0 
(Sbv) : 43-0 70 25 1:2 — 43-0 
| 41-0 50 16 £12 — 410 
ees 
Hamsters (mean Solusti- 160-0 Subcut. 61-2 3-1 3-4 — — 61-2 
values for 10 bosan 
exps. withsingle Na Sbv 160-0 _—_Subeut. 56-7 21 16 — —. 567 
animals) gluconate 


(6) (derivatives of phenylstibonic acid). Stibamine 
glucoside (‘Neostam’)-N-glucoside of Na _ p- 
aminophenylstibonate. ‘ Neostibosan ’-diethylamine 
p-aminophenylstibonate. ‘Urea stibamine’-s-di- 
phenylcarbamide-4:4’-distibonic acid and other 
compounds [Gray, Trevan, Bainbridge & Attwood, 
1931]. ‘Stibacetin’-Na p-aminophenylstibonate. 

Na antimony’ gluconate, stibophen and tartar 
emetic were given by the subcutaneous, intraperi- 
toneal and intravenous routes, the first two com- 
pounds in both large and small doses. The small 
dose level of about 3-5 mg. Sb/kg. of mouse was the 
equivalent of about twice the ordinary therapeutic 
human dose. Smaller doses were not used, as the 
limit of sensitivity of the method was reached in 
the case of the 6-24 and 24-48 hr. samples. 

The large dose level of 35mg. Sb/kg. was, of 
course, much larger than is ever given in clinical 
practice, and with some of the compounds given 
(tartar emetic, anthiomaline, urea-stibamine) was 
impracticable owing to its toxic effect. An inter- 
mediate dose was given in most of these cases. The 
full range of results is given in Table 4 and some 
examples are shown graphically in Figs. 2, 3 and 4. 

A single experiment was made using a rabbit, to 
determine the rate of excretion of Na antimony’ 


gluconate at shorter intervals than 1 hr. after the 
injection. The animal was anaesthetized with nem- 
butal, and a cannula tied into the left ureter. 
A dose of the compound containing 10 mg. Sb was 
injected into the left jugular vein, and the urine 
collected at 15 min. intervals, the cannula being 
washed out at each collection. Quantities of 4-8, 
5-1, 4-9 and 4:6% of the Sb in the dose injected 
were recovered during the first hour—19-4 % in all. 

For comparison with the excretion rates, the 
total blood Sb levels in mice given the largest doses 
(35 mg. Sb/kg.) of stibophen and Na antimony’ 
gluconate by the three routes of injection were 
determined at intervals. Mice weighing 20-25 g. 
were used, and groups of four killed from time to 
time. The heart blood from all members of one 
group was pooled, and 1 ml. taken for a determina- 
tion (Table 5). 

(3) Discussion. The excretion resultsshow general 
agreement with earlier workers. The large doses of 
stibophen and Na antimony’ gluconate were ex- 
creted at a higher initial rate than the small doses, 
especially after intravenous injection. After the 
first hour, the rates of excretion at the two dose 
levels did not differ very greatly. By the end of 
48 hr., almost the same total percentage of the dose 
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Table 4. The excretion of antimony by mice 
e % dose 
od excreted 
in Method % dose excreted in urine (hr.) totally in 
——) Dose of in- — a FOO 
t hr. Drug mg.Sb/kg. jection 0-1 1-2 23 34 45 56 624 2448 6hr. 48 hr. 
4-7 Tervalent compounds 
+ 3-9 Subcut. 10-5 9-5 40 55 25 40 160 11:5 36-0 63-5 
Stibophen 3-6 Intrap. 9-5 6-0 4-0 55 5-0 5-5 19-5 11-0 35°5 66-0 
3°3 3-6 Intrav. 18-0 8-0 9-5 7-5 6-0 7-0 14-0 12-0 56-0 82-0 
0-0 33-5 Subcut. 218 104 29 23 54 54 WO 42 48-2 63-4 
4-3 33-5 Intrap, 24 75 67 176 63 49 94 4-4 58-4 72-2 
5-6 30-4 Intrav. 46-3 5-9 3-3 2-2 6-4 1-7 7-1 4-3 65-8 77-2 
35 3°8 Subcut. 10-0 5-0 4:5 6-0 4-5 4-0 15-0 8-5 34-0 57-5 
7-7 Tartar emetic 38 Intrap. 5-5 6-0 65 45 45 40 140 12-0 310 57-0 
7-8 3-7 Intrav. 8-5 8-5 75 8-0 55 8-5 15-0 7-0 46-5 68-5 
— 10-9 Intrap. 5-0 2-0 9-5 8-0 8-0 4-0 12-0 7-5 36-5 56-0 
ss *Anthiomaline 3-5 Intrav. 90 100 40 10 410 210 4140 = 100 26-0 50-0 
3. 
3-8 ; Quinquevalent compounds 
3 ~ ‘ = 5 fe = 
J. : 3° Subcut. 11-0 11-0 7-0 4-5 2-0 1-0 6-5 8-0 36-5 51-0 
1 ay 35 Intrap. 115 115 55 30 15 25 100 80 35:5 53-5 
e 35 Intrav. 20-0 11-5 7-5 8-0 3°5 3-5 6-5 6-5 54-0 66-5 
8 32-5 Subeut. 380 120 40 35 25 20 40 35 62-0 69-5 
32-5 Intrap. 23-0 6-0 8-0 6-0 1-5 1-0 6-5 4-5 45-5 56-5 
32-5 Intrav. 40-5 10-5 2-5 1-5 5-5 1-5 4-0 2-5 62-0 68-5 
0 *Stibamine 3-5 Intrav. 10 110 100 50 50 20 7-0 5-0 52-0 64-0 
0 glucoside 33-3 Intrav. 32:0 12-0 50 30 20 10 4-0 2-0 55-0 = 61-0 
0 *Neostibosan 3-6 Intrav. 14-0 11-0 7-0 0-0 4-0 3-0 7-0 4-0 39-0 50-0 
0 25-6 Intrav. 22-3 10-2 8-2 1-6 1-0 2-5 6-4 3-1 45-8 55°3 
*Urea-stibamine 3-5 Intrav. 18-0 11-0 9-0 4-0 3-0 1-0 4-0 6-0 46-0 56-0 
“2 11-2 Intrav. 13-7 = 16-5 80 62 18 53 116 3-1 513 66-0 
*Stibacetin 4-2 Intrav. 14-0 11-0 13-0 7-0 5-0 2-0 10-0 5-0 52-0 67-0 
‘7 34:3 Intrav. 28-2 77 U2 61 50 10 2-9 3-0 59-2 65-1 
* Tests made on groups of 10 mice. All the other figures are means of two experiments, each using a group of 10 mice. 
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given had been excreted at both dose levels, the 
excretion rate during the 6—48 hr. interval being 
proportionately greater with the small doses. Weese 
[19386] suggests that the large doses flood the whole 
body, and the ‘overflow’ is excreted very rapidly, 
the amount of the overflow depending upon the 
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Na antimony’ gluconate, but tartar emetic was 
much slower, and anthiomaline slower still. 

Intravenous injections were in every case the 
most rapidly excreted. Intraperitoneal and sub- 
cutaneous doses did not differ greatly in their rates 
of excretion. 


Urea 


stibamine Neostibosan 





6 Oo 2 46 G2 .4 


Time (hr. after injection) 


Fig. 4. The excretion of quinquevalent antimony compounds after intravenous injection in mice. 
(Dose approx. 3-5 mg. Sb/kg.) 


Table 5. Blood antimony in mice given injections containing 35 mg. Sb/kg. 


Groups of four animals were killed at each time period, and the blood pooled 


Blood antimony (mg./100 ml.) (min. after injection) 
ane 





Method of oa — 

Drug injection 0 5 10 15 20 30 60 120 180 240 300 
Stibophen Subcut. 0-6 1-7 2-0 — 2-0 1-7 1-4 1-1 0 0 0 
(Sbil) Intrap. 0-6 — 2-6 2-0 2-2 2-0 1-6 1-2 0-6 0 0 
Intrav. 4:8 0-7 1-7 o— 1-7 1-7 Hi 0-3 0 0 0 
Na antimony’ Subcut. 0-3 0-8 1-3 — 1-4 1-1 0-5 0 0-3 0 0 
gluconate Intrap. 0-2 1-0 1-2 —_ 1-0 1-2 0-8 0-4 0 0 0 
(Sb) Intrav. 7-8 4-0 4-0 — 2-3 1-2 1-0 0-8 0 0 0 


amount injected. Tartar emetic shows a fairly con- 
stant rate of excretion over the first 6 hr., but the 
rate is considerably greater with mice than has been 
reported in human clinical cases [Brahmachari 
et al. 1924; Boyd & Roy, 1929; Hassan, 1937]. The 
most rapidly excreted antimonial in the quinque- 
valent group was Na antimony’ gluconate, and 
then in order came stibacetin, stibamine glucoside, 
urea-stibamine and neostibosan—though there was 
little to choose between them. Stibophen in the 
tervalent group was not a great deal slower than 


The rabbit experiment showed an almost con- 
stant rate of excretion during the first hour after 
a dose of Na antimonyY gluconate. If the other 
kidney is assumed to have excreted at the same 
rate, about 40% of the dose was eliminated in the 
first hour, a result which agrees with the mouse 
experiments. 

From Table 5 it will be seen that in the course of 
about 3 hr., all measurable amounts of Sb had 
disappeared from the blood stream. It is inter- 
esting to see how efficient the absorption of the two 
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compounds investigated appears to be. In the time 
taken to kill a mouse and remove blood from the 
heart, appreciable quantities of Sb reached the 
blood stream after subcutaneous and intraperitoneal 
injection. 





Sodium antimony” gluconate (50 mg. Sb) 


The excretion of antimony by human subjects 


The polarographic method was applied to the 
determination of Sb excretion in human subjects. 
Doses were given intravenously or intramuscularly, 
and the urine and the capillary or venous blood 
collected at intervals. Polarographic measurements 
were much easier than with mice, owing to the 
larger amounts of Sb present. The results are shown 
in Tables 6 and 7 and Fig. 5, and though the 
number of experiments is small, it will be seen that 
in the case of Na antimony’ gluconate, the results 
correspond to the values for mice fairly closely. 
With stibophen, however, the rate of excretion is 0 
rather slower than in mice, though it should be 
noted that the small dose given to the mice was 
5 times the equivalent of the largest human dose 
(subject 2). Individual variations were marked. 


Stibophen (8°5 mg- Sb) 


Cumulative % of Sb in dose excreted 


0 12 24 36 48 
Time (hr. after injection) 


Fig. 5. The excretion of sodium antimony’ gluconate 
and stibophen by human subject (1). 


Table 6. The excretion of antimony by human subjects 


% dose 
excreted 
Sub- % dose excreted in urine (hr.) totally in 
Dose Method of ject | SSE. 
Drug mg./Sb _ injection no. O-l 12 23 34 45 56 612 12-24 2448 6hr. 24hr. 
Stibophen 42-5  Intrav. 2 81 14 16 08 10 10 26 28 £54 13-9 24-7 
_ +) ele ee ee et Me a) a ga ee a 
8-5 oa api Pacer 
1 3 3 2 2 5 5 3 4 15 27 
+ 3 1 2 1 2 2 4 2 1 ll 18 
ae. {5 2 -e- ee oe Oe ee ae 
Na antimony’ 2 27 82 79 58 47 #39 %79 78 £35 57-2 76-4 
gluconate 100 Intrav. a - 
(Sb*) 3 #175 161 89 61 70 24 20-4 — 570 177-4 
1 440 176 104 50 30 17 27 #10 25 81:7 87-9 
50 - {e 43-6 174 86 7247 22 40 23 24 83-7 92-4 
7 388 172 84 59 24 30 28 4319 25 75:7 82-9 
9-0 a 1 354 158 83 59 20 19/ 31 23 £&l 69-3 79-8 
Stibamine 50 7. 3 210 90 60 40 30 30 — — = 4640 — 
glucoside 
(Sb) 
Table 7. Blood antimony in human subjects 
Method mg. antimony/100 ml. blood (hr.) 
Dose ofin- Subject ee ae ae ag. ee 
Drug mg./Sb jection no. 10 20 30 40 50 24-0 
Na antimony’ ‘ ; ie s sie : : 0 0 0 0 
gluconate 100 Intrav. { : + ee * 15 < + “s 64) 0 
(Sb) 
‘“ 1 1-3 — 04 03 O38 — 0 — 0 0 
” ” \7 ee ge) as AR See | ae a 
Stibamine glucoside 50 a 3 _- —- — 1-6 — 08 -- = — —_— 


Subject (1) Normal male, 27. 

(2) Normal male, 27. 

(3) Male, 24, under treatment for Mediterranean 
kala-azar. 

(4) Normal male, 19. 


Subject (5) Normal male, 20. 
(6) Normal male, 26. 


(7) Male, 25, although suffering from renal stones, 
is at present in good health. 
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A dose of Na antimony’ gluconate was much more 
rapidly excreted than one of stibophen containing 
an equivalent amount of Sb. Hassan [1937] pub- 
lished some results about stibophen excretion, but 
subsequently corrected these [1938a], as it was 
found that a considerable proportion of the Sb in 
the drug used in the earlier experiments had become 
oxidized to the quinquevalent state. Our results 
agree with those given in Hassan’s first paper, 
though the drug we used was completely free from 
quinquevalent Sb. It is perhaps worth noting that 
the ‘rise’ in excretion rate reported by Hassan after 
24 hr. is due to the fact that the period of collection 
of urine was longer than for the earlier samples. If 
the excretion per hour is calculated, the results lie 
upon a steadily falling curve. 


The influence of the valency of injected antimony 
on its metabolic fate 


The low toxicity of the quinquevalent compounds 
must be due, in part at least, to their high rates of 
excretion. Their therapeutic advantages over the 
tervalent compounds in the treatment of kala-azar 
have never been satisfactorily explained. A direct 
leishmanicidal action is not generally favoured, 
owing to the low toxicity of the compounds to 
mammals, and it is unlikely that mere stimulation 
of the host’s reticulo-endothelial system could ac- 
count entirely for their activity. 

It has therefore been assumed by analogy with 
the quinquevalent arsenic compounds that reduc- 
tion takes place in the body to the tervalent state, 
the stibinoxide grouping (R—Sb=—=O) being para- 
siticidal. Since it has been shown above that the 
polarographic method will distinguish between ter- 
valent and quinquevalent Sb, this method seemed 
to offer a new approach to the problem. 

Brahmachari et al. [1924] showed that although 
the initial excretion of urea-stibamine was rapid, the 
rest of the dose came away slowly at about the same 
rate as a dose of tartar emetic, and advanced this 
slender evidence as proof that the slowly excreted 
fraction of the quinquevalent: compound had been 
reduced. Bock [1927] thought to show from the 
results of toxicity tests that the Sb of stibophen was 
oxidized to the quinquevalent state and so detoxi- 
cated. Before the application of the polarograph 
to the problem, one of us had shown that it was 
very unlikely that any change in valency had oc- 
curred in the initially excreted Sb. The 24 hr. urine 
collected from groups of 10 mice injected with 
stibophen or Na antimony’ gluconate was passed 
through a Seitz filter, and the Sb content deter- 
mined colorimetrically. Doses of the excreted Sb 
were then injected into mice infected with Trypano- 
soma equiperdum, using animals dosed with fresh 
solutions as controls. No trypanocidal activity at 
all was observed with Na antimony’ gluconate or 
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with the corresponding urine, but with stibophen 
the activity at three dose levels was almost iden- 
tical with that of urine containing the equivalent 
amounts of Sb. As Na antimony!!! gluconate has a 
marked trypanocidal action, and the quinquevalent 
analogue of stibophen no action at all, it appears 
that no valency change could have taken place. 

By means of the polarograph, it could easily 
be demonstrated that up to the sixth hour no 
measurable amounts of Sb of changed valency were 
excreted either in animals or in man. Also, by 
precipitating the protein in mouse blood with sul- 
phosalicylic acid, it was shown that the Sb in the 
clear solution was unchanged in valency after sub- 
cutaneous or intravenous injection of Na antimony’ 
gluconate. It was, however, more difficult to be 
sure of the fate of the Sb remaining in the tissues 
after the first few hours of excretion. The amounts 
of substance in every case were very small, and it 
was difficult to be sure that any valency change 
observed had occurred in the body, and not during 
subsequent treatment. 

The presence of HCl is essential for these polaro- 
graphic estimations, and this introduces certain 
limitations, e.g. it was found that when quinque- 
valent compounds were treated with normal HCl, 
hydrolysis took place with the formation of ter- 
valent Sb. Thus with 0-02 % solutions of stibamine 
glucoside, neostibosan, urea-stibamine and stiba- 
cetin, about 30-50% of the Sb was recorded as 
tervalent on the polarogram. The hydrolysis took 
place immediately upon addition of the acid, and 
no appreciable change was observed on standing 
for 1 hr. In the case of Na antimony’ gluconate 
however, the reduction was only very slight—about 
1-2 % with a 0-02 % solution, and very much less 
with more concentrated solutions. This is pre- 
sumably because, unlike other quinquevalent anti- 
monials, the Sb is here joined to the carbon through 
the oxygen atom, and not directly. 

We are grateful to Mr W. H. Gray of the Wellcome 
Chemical Research Laboratories for the suggestion 
that the hydrolysis of the p-aminophenylstibonic 
acid derivatives probably takes place as follows: 


HCl 


R. NH >—0H +NaSbO, +H,0. 


We have shown that treatment with HCl, fol- 
lowed by neutralization with NaOH, doubles the 
toxicity of stibamine glucoside as compared with 
the untreated substance to which an equivalent 
amount of NaCl had been added. This is further 
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evidence that the toxic tervalent compound had 
been produced. 

Our choice of a quinquevalent compound for the 
investigation of valency changes was therefore 
limited to Na antimony’ gluconate, which had to 
be free from any tervalent Sb, since the presence 
of as little as 0-1% of tervalent Sb has been found 
to be associated with increased toxicity. 

Another source of difficulty when dealing with 
the valency state of Sb excreted in 24 hr. samples 
of urine, was the change which occurred on standing. 


Table 8. The effect of bacterial growth in urine 
containing stibophen equivalent to 0-0014% Sb*** 


Time in hr. - 626 & Th 
% of Sbill in test sample (no HCl) 90 80 73 63 
% of Sbi!! in control ( + HCl) 99 10 — — 
Time in hr. . 124 148 169 
% of Sb!!! in test sample (no HCl) 56 45 34 
% of Sb!!! in control ( + HCl) — — 103 


The Sb in stibophen, for example, becomes pro- 
gressively oxidized to the quinquevalent form if 
bacterial growth is not prevented. Table 8 shows 
the effect of unrestrained bacterial activity on urine 
containing a known amount of stibophen. Urine 
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cultures were of the type used for the routine pre- 
paration of yellow-fever virus, and were kindly 
provided by Dr F. O. MacCallum. Control cultures 
which had been killed by heating were incubated 
at the same time, and although the differences 
shown in Table 10 are small, there was a distinctly 
larger amount of tervalent Sb in the living than in 
the dead tissue cultures. A similar small effect was 
observed upon incubating with liver slices in Tyrode 
solution. 

When a known amount of Na antimony’ glu- 
conate (= 2 mg. Sb’) was incubated with an emul- 
sion of mouse liver (2 g. in 20 ml. saline) 8% of the 
Sb was reduced in 3 hr., and 9% in 24 hr. With an 
emulsion of kidney (0-5 g. in 20 ml. saline) about 
4% was reduced in 24 hr. No in vivo trypanocidal 
activity could be detected in the incubated solu- 
tions, and it appears therefore that the reduction 
of Sb by living tissues is less rapid than the re- 
duction of quinquevalent As [Levaditi, 1909 a, b; 
Lourie, Murgatroyd & Yorke, 1935]. 

(b) Excretion experiments. It is in the later frac- 
tions of urine collected after a dose of Sb that any 
reduced substance must be sought. Since, when 
mice are used, the absolute amounts present in these 
fractions are very small, we turned our attention 


Table 9. The effect of incubating at 37° rabbit blood containing Na antimony” gluconate 
equivalent to 0-001 % Sb’ 


% antimony recovered (hr. after incubation) 


0 05 $10 %20 30 40 50 60 240 72:0 960 
Experimental  Sbill 6 6 7 — 7 — 5 9 10 15 
(blood) Total SL! and Sbv 95 — — —- = 98 — — — 10 100 
Control Sbiii 6 — 6 — 4 _ 4 — 4 6 6 
(water) Total Sb!!! and SbY 100 a —_ _ 93 —- _- — — 108 95 


was, therefore, always collected from the metabolism 
cage in vessels containing HCl, since this favours 
reduction, as well as preventing bacterial growth. 

By a series of observations, we have satisfied 
ourselves that a small proportion of injected Sb 
is reduced in the body. The evidence for this is as 
follows: 

(a) In vitro experiments. Table 9 shows the effect 
of incubation at 37° of normal rabbit blood con- 
taining Na antimony’ gluconate equivalent to 
0-001 g./100 ml. of Sb. Samples were withdrawn 
from time to time, treated with sulphosalicylic acid 
to remove the protein, and the Sb content deter- 
mined. 

It will be seen that there is a small but significant 
increase in the proportion of tervalent Sb present 
after 72 hr. The tervalent Sb recorded in the fresh 
solution is due to the slight reduction by HCl. 

Table 10 shows the effect of incubating small 
quantities of Na antimony’ gluconate with living 
chick-embryo tissue in serum Tyrode. The tissue 


to human experiments. The urines collected from 
subjects 2 and 3 showed a considerable amount of 
tervalent Sb, but as they had been allowed to stand 


Table 10. The effect of incubation of Na antimony’ 
gluconate with living chick embryo tissue 


Conc. of 
total Sb % Sb 
in culture recovered 
Culture mg./100 ml. — as Sbil! 
Experimental (living 0-48 4-2 
tissue culture) 0-80 6-3 
1-26 11-1 
1-40 10-7 
Control (culture killed 0-68 0 
by heat before addi- 0-80 0 
tion of Sb) 1-09 5-5 
1-40 7-1 


a considerable time with HCl, this evidence was 
worthless. The urine samples from subject 1, how- 
ever, were acidified and polarographed immediately 
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on collection, so that any tervalent Sb present must 
have been produced in the body. 

The proportions of tervalent to total Sb present 
are shown in Table 11. The fractions collected at 
all periods except the 12-24, 28-33, and 33-45 hr. 
collections were from a single emptying of the 
bladder, and they show a considerable, and in- 
creasing, proportion of tervalent Sb. 


Table 11. Antimony excretion by subject 1 after a 
dose of Na antimony” gluconate equivalent to 
50 mg. Sb 


Time of Vol. of =Total Sb Sbili 
collection urine excreted excreted Spit 
hr. ml. mg. mg. % 
0-1 700 22-0 0-49 2-2 
1l- 2 193 8-8 0-10 1-1 
2-3 212 5-2 0-16 3-1 
3-4 68 2-5 0-19 7-6 
4-5 62 1-5 0-04 2-7 
5- 6 42 0-88 0-01 1-1 
6- 9 172 1-16 0-18 15-5 
9-12 312 0-19 0-06 32 
*12-24 714 0-50 0-50 100 
24-28 360 0-25 0-14 56 
*28-33 504 0-55 0-30 55 
*33-45 408 0-41 0-28 68 
45-48 84 0-06 0-03 50 


* Collected in several fractions, and allowed to stand 
until end of collection period. 


(c) Antimony in the body organs. We have con- 
firmed the findings of other workers [Boyd, Napier 
& Roy, 1931; Hassan, 19386] that Sb is concen- 
trated in the liver, and is present in only very small 
quantities in the other organs if the animals are 
not killed immediately after injection. The livers of 
treated rabbits and mice contained easily measurable 
amounts of Sb determined by the method for total 
Sb in blood as is shown in Table 12. In order to 


Table 12. The recovery of antimony from the livers 
of animals injected with Na antimony” gluconate 


Re- 
Sb covered 
present Sbill 
mg./g. % of 
Animal liver total 
Rabbit given 11 Test 0-01 100 
doses of Na anti- Control (normal 0-02 1 
monyY gluconate _ liver +Sb’) 
(170 mg. Sb in all) 
Nine mice given 10 Test (9 livers) 0-03 25 
doses of Na anti- Control (10 nor- 0-023 4 


mony’ gluconate 
(180 mg. Sb in all) 


mal livers + Sb’) 


determine the valency of the liver Sb, weighed 
amounts of liver from animals which had received 
a series of doses of Na antimony’ gluconate were 
ground with sand and ice-cold saline as soon as 
possible after removal from the body. We did not 
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hope by this method to extract all the Sb present, 
but merely to determine the valency state. A con- 
trol experiment was made in each case by grinding 
up normal liver with a known amount of Na anti- 
mony’ gluconate and saline. The protein was pre- 
cipitated with sulphosalicylic acid, the solution was 
centrifuged, and HCl added to the supernatant 
solution which was polarographed at once. It will 
be seen from Table 12 that far more tervalent Sb 
was recovered from the livers of the injected 
animals than from the control experiments. We 
have no information as to the fate of the rest of 
the Na antimony’ gluconate molecule. 


SUMMARY 


1. The rapid polarographic method of analysis 
has been used for the determination of antimony 
in biological materials. 

2. The rates of urinary excretion of a series of 
organic antimonials (tartar emetic, ‘anthiomaline’, 
stibophen, stibacetin, stibamine glucoside, ‘neo- 
stibosan’, ‘urea-stibamine’, sodium antimony’ glu- 
conate) have been measured after injection into 
laboratory animals. Three compounds (stibophen, 
stibamine glucoside and sodium antimony” glu- 
conate) have been tested in a small number of 
human subjects. 

3. It has been shown that about 30-40 % of the 
antimony content of an injection of stibophen or of 
one of the quinquevalent compounds is excreted by 
mice in the urine during the first 1 or 2 hr. The 
subsequent excretion rate is less rapid. Small doses 
are excreted more slowly than large ones. Tartar 
emetic and ‘anthiomaline’ do not show such a high 
initial outflow. In the human subjects, a dose of 
Na antimony’ gluconate was excreted more rapidly 
than one of stibophen containing the same amount 
of antimony. 

4. The blood antimony was determined at inter- 
vals after injection. No measurable amount could 
be detected after about 3 hr. 

5. The antimony excreted during the first 24 hr. 
after injection of ter- or quinquevalent compounds 
was unchanged in valency. After an injection of Na 
antimony’ gluconate, part of the antimony re- 
maining in the body was reduced to the tervalent 
state, but the quantity was small. Tervalent anti- 
mony was recovered from the livers of injected 
animals. 

6. In vitro experiments have demonstrated the 
reduction of quinquevalent antimony by living 
tissues. 


Our thanks are due to our colleagues, especially Messrs 
F. A. Robinson and W. Solomon, for their helpful sugges- 
tions, and we are indebted to Miss H. Weil and Messrs 
J. Judd, B. Layzell and E. Rogers for their painstaking 
assistance. 
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The Biological Assay of Vitamin D, 
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(Received 4 December 1942) 


Two methods are generally used for the biological 
assay of vitamin D, on chicks, viz. the A.O.A.C. 
method which uses the bone ash of the tibia as 
a criterion of response, and the method of Olsson 
[1936], in which the tarso-metatarsal distance (t.m.t.) 
measured on an X-ray film is so used. Both 
methods use criteria which are measured in funda- 
mental units (mass or length, respectively). This 
gives them an advantage over those methods used 
in rat assays where a visual estimate is made by 
comparison with an arbitrary set of standards. The 
Olsson radiographic method also involves less time, 
expense and labour, since the chicks are not killed. 


The technique has been described elsewhere [Olsson, 
1936; 1939; Baker & Wright, 1940] and the method 
has been adopted (1940) as standard by the British 
Standards Institute. 

The present paper deals with some investigations 
on the nature of the test diet and its effect on the 
t.m.t. distance, and shows that on a suitable diet, 
gain in weight runs parallel with decrease in t.m.t. 
distance and affords a criterion for assay of vita- 
min D, of the same order of accuracy as the t.m.t. 
method. Experience with diet no. 1 of the British 
Standards Institute Specification 911/1940 indi- 
cated that differences in t.m.t. distances between 


210 


high and low doses of vitamin D were too small to 
be satisfactory, and resulted in a very low slope to 
the response curve. Baker & Wright [1940] quote 
cases where the difference between the t.m.t. dis- 
tances for their extreme doses over an 8: 1 range, 
is approximately 0-5 mm. Their experience is con- 
firmed in this paper. Alternative diets were investi- 
gated with a view to increasing this difference. 
These diets comprised the A.O.A.C. diet used in 
the bone-ash test; a diet used by Olsson (private 
communication); and a diet used by Dr Wilkinson 
of Lever Bros. (private communication). Olsson’s 
diet was a modification of his published diet [1936] 
in which bone meal is included. 


METHODS 


Chicks used. Sex-linked cockerels (Light Sussex and 
Rhode Island Red) were used in all experiments except in 
test 2, where pullets were used as well in equal number. 

Housing. The chicks were housed in all-metal brooders, 
each of 6 units, arranged in three rows of two, each unit 
having a warm chamber, and an unheated run. The brooders 
were installed in a thermostatically controlled room with 
air circulation controlled by fans. Temperature in the heated 
chamber was 85-90° F. and in the room 80° F. during the 
first week, and it was lowered 5° F. each week for the next 
4 weeks. 

Food. Food was prepared in an electrically driven Hobart 
mixer. In all, six series of tests were made. Complete 
analyses of the diet were made in certain cases. Calcium 
and phosphorus determinations were done in all cases except 
series I, The composition and analysis of the diets are given 
in Tables 1 and 2. Variations between different batches of 
diet made to the same formula make it necessary to deter- 
mine at least the Ca and P content of each batch, and to 
adjust these values to a constant figure, e.g. in diet A, 
suggested to us by Dr Wilkinson, values for CaO and P,O; 
of 2-83 and 1-3-1-4% respectively were recommended, but 
the diet when made up for the test showed 1-09 and 2-24% 


Table 1. Composition of various diets fed to chicks 


Diets B.S.I. Diet A A.O.A.C. Olsson 

Bran 16 15 — — 
Ground yellow corn 35 33°25 57 34-4 
Middlings 23 38 28 28-4 
Crude acid pptd. casein =— —_ 12 = 
Dried skim milk 8 —- — 9-4 
Meat meal 10 a — — 
Grass meal dried 5 _- — 5-5 
Soya-bean meal — _— _ 15-4 
Bone meal — — ~- 4-4 
Fish meal _ 5 -— = 
Ca3(PO,)2 = a 2 ae 
Iodized salt 0-02 % KI 0-5 _— 1 1-0 
MnSO,.4H,O -- 0-0094 0-02 

CuSO, — 0-0068 — — 
Charcoal —- 0-256 _— 0-5 
Ground limestone 15 40 _ — 
NaCl — 0-368 — — 
Fe,0, “ 0-111 — — 
Yeast _- = 2 — 
Dried cattle food yeast — 2-5 — — 
Olive or arachis oil 1-0 1-0 1 1-0 
Vitamin A oil (1000i.u./g.) — 0-5 —- =: 
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Table 2 
(a) Analyses of various diets 
% 

Material B.S.I. A.O.A.C. Olsson 
Water 9-12 6-54 1-39 
Fat 5-88 5-10 6-91 
Protein (N x 6-25) 17-08 20-73 17-28 
Starch 1-20 6-00 2-00 
Sugar (reducing) 0-71 0-25 0-28 
Ash 4:48 4-86 6-63 
Ca 1-45 0-50 0-83 
2 1-36 1-34 1-09 
Fe 0-017 0-009 0-018 
Mg 0-29 0-23 0-41 


(6) Ratio of calcium to phosphorus in 
various diets fed to chicks 





Test no. 
(eae ———— \ 
Diet 2 3 4 5 6 
B.S.L.: Ca 1-45 1-37 0-84 a _ 
P 1-36 1-14 1-25 — — 
Ratio 1-063 1-193 0669 — — 
A.O.A.C.: Ca 0-50 0-43 ~- —- — 
P 134 0-91 — — — 
Ratio 0-358 0450 — _- ~- 
Olsson: Ca — — 0-83 0-94 1:17 
P — — 109 110 107 
Ratio — — 0-764 0-856 1-093 


respectively. The ratio was, therefore, adjusted by the 
addition of CaCO, so that the final quantities were 4:54% 
CaO and 2-:24% P,0;. The results obtained with this diet 
differed from those obtained by Dr Wilkinson, possibly 
owing to the higher level of Ca and P, though the ratio is 
the same. There is evidence that doubling both Ca and P 
in Olsson’s diet leads to smaller t.m.t. distances, but most 
of the chicks died within 6 weeks. 

The Ca and P in the Olsson diet were maintained at 
0-85-1-0 and 1-0-1-1% respectively, giving a ratio of Ca: P 
of approx. 1:1. In these separate experiments no adjust- 
ment was found necessary, the figures for Ca being 0-83, 
0-94, 1-17, and for P 1-09, 1-10 and 1-07% respectively. 
The amount of food consumed by each group of birds was 
determined every week. 

Vitamin D supply. The B.S.I. standard solution, i.e. 
crystalline vitamin D, dissolved in arachis oil to give a 
solution containing 1 unit/mg. of solution, was used, the 
units being calculated on the basis of 40 x 108/g. crystalline 
product. The solution was stored in a refrigerator and 
diluted with arachis oil to correspond to 1% of the ration, 
as required. 

Procedure. 15-20 birds were allocated to a group (6-8 in 
negative controls). Day-old chicks were placed immediately 
on the basal diet without any addition of vitamin for 1 week. 
They were weighed and marked and again weighed at weekly 
intervals during the experiments. The dose of vitamin D, 
was incorporated in the diet from the 8th day onwards, 
and the birds were X-rayed when 4, 5 or 6 weeks old. 

X-Ray technique. The tarso-metatarsal joints were X- 
rayed on Kodak Crystallex film with exposure of 1} sec. 
at 12 in., 30 mA., 39 kV. Prints were made from the nega- 
tives on ultra-contrasting bromide paper, and the t.m.t. 
distances were measured, at a magnification of approx. 5, 
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with a travelling microscope (vernier) reading to 0-05 mm. 
An accuracy greater than this is not considered feasible. 
Whereas in general the edge of the tarsus was well defined 
even when magnified 5 times, the edge of the metatarsus 
was sometimes difficult to locate, and the best solution was 
found to be that of Halnan [Baker & Wright, 1940] which 
consists in marking with a scalpel a print viewed without 
magnification. Recent experiments show that the new 
Ilford Kryptoscreen X-ray paper gives good results and 
avoids the labour of printing. The reproducibility of such 
measurements is shown in Table 3A, which gives the data 
obtained from two sets of photographs, each of 20 bones, 
measured on each of 5 separate days, by two observers. 
The photographs were shuffled each time by a third 
person. : 


Table 3A. Mean values of t.m.t. distances 
for sets of 20 photographs (mm.) 


Set 1 Set 2 
Observer Observer Observer Observer 
A B A B 

Reading 1 3-73 (5) 3-69 (8)  0-84(3) 0-89 (5) 
2 3-71 (3) 3-68(0)  0-86(0) 0-82 (5) 

3 3-74 (5) 3-63(0)  0-89(0) 0-82 (0) 

4 3-73 (0) 3-70(0) 0-86(8) 0-80 (3) 

5 3-73 (8) 3-69(5)  0-84(5) 0-85 (0) 

Overall mean 3-73 (2) 3-68(1) 0-86(1) 0-83 (9) 
Mean difference be- 0-15 (5) 0-19(7) 0-10(5) 0-15 (0) 


tween extreme read- 
ings for each bone 


In a series of measurements of this same photograph 
therefore there is liable to be a difference between extreme 
readings of: 

0-2 mm. in distances of approx. 4 mm., 
ie. +2-5% from the mean, 


and of 0-15 mm. in distances of approx. 1 mm., 
ie. +7:-5% from the mean, 


In one experiment two sets of prints were made and 
marked and measured by two separate observers. The 
results are shown graphically in Fig. 1 and are summarized 
in Table 3B. 





0 
1-0 2-0 
Log vitamin intake 
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Fig. 1. Uniformity of t.m.t. measurements. 


Table 3C shows assay results calculated from independent 
measurements made on separate sets of prints by two 
observers. The results calculated by the gain-in-weight 
method are included for comparison. 
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Table 3B. Results of measurements by different 
observers on the same prints 


Observer 1 Observer 2 

Mean Standard Mean Standard 

Dose group t.m.t. deviation t.m.t. deviation 
5 u./100 g. diet 3-891 0-8112 3-771 0-7206 
10 u./100 g. diet 3-739 0-8360 3-683 0-7856 
15 u./100 g. diet 3-336 1-2020 3-178 1-1340 
20 u./100 g. diet 2-131 0-8823 2-144 0-5825 
40 u./100g. diet 1-359 0-3871 1-382 0-5074 

Weighted mean and 2-897 0-8151 2-838 0-77 


pooled standard 
_ deviation 


Table 3C. Results of assays by different 
observers, t.m.t. method 
Material: C.L.O. emulsion reputed to contain 50 u./g. 


Observer 1 Observer 2 
Fiducial Fiducial Gain 

Assay limits limits in wt. 
period Po- P0-95 Po- P0-95 Po- method 
weeks tency % tency % tency % 

a 47 76-126 52 79-123 48 75-131 

5 46 78-124 46 78-124 46 79-125 

6 48 75-129 — — 47 79-123 

RESULTS 


Six experiments were made, but one, no. 3, was dis- 
carded because the chicks failed to grow. This was 
attributed by the hatchery to a breakdown of the in- 
cubators. Theremaining experiments were as follows: 

Exp. 1. An attempted assay using B.S.I. diet 
no. 1. It is considered unsatisfactory owing to the 
low slope of the regression line. 

Exp. 2. Comparison of B.S.I. and A.O.A.C. diets. 
The results on the B.S.I. diet confirmed those in 
Exp. 1; those on the A.O.A.C. diet showed a greater 
slope of the regression line and a parallelism be- 
tween t.m.t. distance and the reciprocal of the gain 
in weight. 

Exp. 3. Discarded. 

Exp. 4. Comparison of B.S.I., A & Olsson diets. 
B.S.I. and A diets showed similar results, which 
confirmed Exps. 1 and 2, viz. they gave rela- 
tively uniform growth at all dose levels, but very 
low slopes to the regression line. Olsson’s diet gave 
results similar to the A.O.A.C. but appeared to be 
less severe in its effect at low doses. There was a 
linear relation (a) between gain in weight and 
vitamin D, intake, and (6) between t.m.t. and 
vitamin D, intake. 

Exp. 5. Was confined to the Olsson diet. In 
addition to an assay of two oils, the effect of varying 
the Ca and P in the diets was examined. Doubling 
both Ca and P in the diet led to reduced t.m.t. 
distances and to reduced gains in weight, and many 
birds died. Doubling the P alone (sodium phos- 
phate) led to death of all birds within 4 weeks. 
Doubling the Ca alone led to reduced t.m.t. dis- 
tances and increased gain in weight. 
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Table 4. B.S.I. Standard, t.m.t. data 


Dose levels, 


units/100 g. 
diet t.m.t. distances 
3-23 (1-767); 1-063; 0-88; 1-021; 0-885; 0-854 
3-23 (1-325); 0-653; 0- 618; 0- 634; 0- 485; 0-591 
3-23 (0-819); 0-720; 0-889; 0-875; 0-961; 0-946 
3-23 (1-265); 0-947; 0-714; 0-760; 0-720; 0-700 


2-5-20 (1- = 1-361; 1-363; 1-650; 0-942 


25-20 (1-280); [1-194]; 1-516; 0-932; 0-266 
3-23 (3-757); 3-608; 3-353; 2-681; 2-436; 1-291 
3-23 (2-769); 2-601; 2-368; 1-928; 1-604; 0-953 
25-40 (1 a 1-420; 1-259; 1-132; 1-106; 1-222 
25-40 (1-008); [1-547]; 2-059; 1-394; 1-165; 1-181 
25-40 (3-450); [3-253]; 3-508; 2-494; 1-375; 0-808 
25-40 (3-338); [3-500]; 3-767; 2-747; 0-761; [0-403] 
5-40 (4-378); [3-590]; 2-950; 1-100; [0-788] 

5-40 (3-925); 3-648; 2-700; 0-833; [0-759] 

5-40 (3-372); 3-836; 2-898; 0-817; [0-691] 


5, 10,15, (3-643); [3-700]; 3-542; 2-768; 1-856; 0-765 


20, 40 


(4-000); [3-944]; 3-817; 3-091; 2-111; 0-682 
(3-760); [3-559]; 3-686; 3-123; 1-869; 0-912 


” 


Table 5. B.S.I. Standard. Gain-in-weight data 


Dose levels, 


u./100 g. 
diet Gain in weight 
3-23 (100-2) ; [94-89]; 83-56; 116-11; 158-28; 192-94 
3-23 (166-75); [150-76]; 141-56; 188-00; 270-59 


2-5-40 (138-8); [121-4]; 124-3; 204-5; 257-2; [258-4] 
2-5-40 (182-5); [147-8]; 150-3; 277-7; 351-2; [370-6] 


5-40 (119-05); 143-65; 175-75; 273-90; 322-71 
5-40 (142-82) ; [169-50]; 239-35; 413-35; [475-4] 
5-40 (162-55); 192-61; 281-20; 524-65; [583-82] 
5, 10,15, (101-5); 125-1; 162-6; 190-2; 212-7; 251-2 
20, 40 
99 (123-2); 165-0; 201-5; 256-9; 312-2; 397-0 
rs (139-6) ; [185-0]; 234-0; 310-1; 400-6; 539-1 
Table 6. Assays by t.m.t. method 
Dose levels 
Sample Combined 
Material Standard mg. slope 
C.L.O. 3-23 25 and 76-4 — 1-9588 
C.L.O. 10-20 100 and 200 —5-1106 
” 10-20 —4-7128 
10-20 — 45866 


Veterinary C.L.O. 10-20 500 and 1000 — 4-9687 


blended with seal 


oil 
a 10-20 — 43095 
” 10-20 —4-5724 
c.L.O. emulsion 5, 10,15, 200, 300, 400 — 3-7933 
20, 40 
— 3-8322 


” ” ” 


— 3-4700 


” ” . ” 


Pooled 
Slope variance 
-0-1887 00-0932 
-—0-1137  0-0689 
—0-2212  0-0500 
—0-5897  0-1820 
—2:2412 0-3686 
-2:0515 0-6264 
-—1-4910 0-9074 
—0-1826 0-1128 
—0-9496 0-2666 
—2-6184 0-5310 
—3-6800  0-8039 
—4-8635 0-5983 
—3-7068  0-6981 
-3-7999 1-5408 
-3:9777  0-6824 
-4-1662  0-6042 
—3-4988 0-8195 
Pooled 
Slope variance 
138-02 1103-4 
215-11 3059-6 
178-75 2685-5 
255-79 4563-2 
182-19 2193-1 
418-17 4577-0 
433-61 7369-5 
119-74 1416-6 
212-57 3486-6 
373-19 7494-8 
Pooled 
variance Potency 
0-6072 112 
0-5973 65 
0-8074 62 
0-8492 86 
0-6636 17 
0-7756 16 
0-8084 18 
0-8081 47 
0-9620 46 
1-1161 48 
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Coefficient 
of pooled 
variation, 
% 
32-45 
40-04 


29-10 
36-15 
67-35 


29-43 
49-57 


27-35 
35-70 


35-90 
36-96 
38-20 
34-91 
49-00 
36-78 


31-85 
37-58 


Coefficient 
of pooled 
variation, 

0O/ 
/o 
24-28 
24-21 


26-36 
25-63 
20-8 

20-70 
25-43 
19-87 


22-17 
23-43 


Fiducial 
limits 
P=0-95 
a 
/O 


64-151 


82-118 
78-125 
80-123 
85-119 


80-123 
81-124 
76-126 


75-124 
75-129 
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Table 7. Assays. Gain in weight 
Period Dose levels Fiducial 
of limits 
Test test, Sample Combined Pooled P=0-95 
no. Diet weeks Material Standard mg. slope variance Potency % 
2 A.O.A.C. 4 C.L.0O. 3-23 25 and 76-4 119-75 925-9 143 74-131 
5 Olsson 4 C.L.0. 16-20 100 and 200 230-23 2163-2 71 77-124 
5 pe — — 400-45 4232-3 80 85-120 
6 6 ae — 488-03 11710-4 74 77-126 
5 4 Veterinary C.L.O. 16-20 500 and 1000 214-08 2047-1 21 81-128 
blended with seal 
oil 
5 - a — 377-05 4211-9 21 84-121 
6 ea _— _ 498-90 9869-9 20 81-124 
6 Olsson 4 c.L.O. emulsion 5, 10,15, 200, 300, 400 119-20 1293-6 47 75-131 
20, 40 
5 te a - 210-95 3587-3 46 79-125 
6 A = a 362-31 8114-7 47 79-123 


0 2-0 1-0 2-0 
Log vitamin intake 
Fig. 2. T.M.T. responses. 

Exp. 6. Was also confined to the Olsson diet in 
an assay. A parallel set of standards was run in 
which the vitamin was separately administered to 
each chick by micrometer syringe. This mode of 
administration showed slightly greater weight in- 
creases for the same vitamin intake, but paradoxi- 
cally, with the higher doses, greater t.m.t. distances. 
This point is being further investigated. The obser- 
vations of Fritz, Halpin, Hooper & Kramke [1942] 
on oxidative destruction of vitamin D in poultry 
foods makes it important to investigate these two 
methods of dosing for assay purposes. 
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Fig. 3. Gain in weight responses. 

The essential results of the experiments are given 
in Tables 4-7 and in Figs. 2 and 3. Tables 4 and 5 
are concerned only with responses to the B.S.I. 
standard vitamin D, preparation; Tables 6 and 7 
give certain assay results. Dose levels were (in 
addition to negative controls) 3, 5, 8-33, 13-68 and 
23 units/100 g. diet or 2-5, 5, 10, 20 and 40 units/ 
100 g. diet. In some cases, as will be obvious from 
the figures, extreme doses had to be omitted to 
satisfy criteria of linearity, and these values are 
enclosed in square brackets. Negative control 
values are shown in curved brackets. There is 
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general agreement that the linear response occurs 
with doses from 10 to 25 units/100 g. diet. Above 
25 units no great change occurs, and below 10 there 
is little calcification. This is confirmed in test 6, 
which includes a dose level of 15 units/100 g. diet. 


Table 8. Assay by log t.m.t. method 


Period of 
Test test, 
nc. Diet weeks Material 
5 Olsson 4 C.L.O. 
5 ” 
5 Olsson 4 Veterinary c.L.0. blended 
with seal oil 
5 ” 
DISCUSSION 


It will be seen that the slope of the regression line 
for the B.S.I. diet is very low, and that there is a 
tendency to greater regularity when the test period 
is longer than 4 weeks. In test 2, using this diet, the 
t.m.t. after 4 weeks on the highest doses is greater 
than that on the lowest doses, but the difference 
is not statistically significant. After 5 weeks, though 
there is a reduction in t.m.t. with increasing dose, 
the difference between responses for extreme groups 
is not statistically significant. 

In marking the end of the metatarsus for mea- 
surement, there are occasions when the end of the 
bone is so ill defined that a difference of 0-5 mm. 
may occur in marking the same photograph on 
different occasions. The greater the t.m.t. distance, 
the less the relative magnitude of such an error, 
and since such photographs occur mostly on low 
doses, it is highly desirable that the t.m.t. distances 
should be great on such doses so as to minimize 
this error. 

On the A.O.A.C. diet the slope of the regression 
line is much increased, but after 5 weeks it is less 
so than after 4 weeks. The Olsson diet gives good 
slopes, which, as shown in the diagrams for tests 
4-6, are consistent and not affected by the duration 
of the test between 4 and 6 weeks. 

In these tests, the t.m.t. distance has been used 
rather than its logarithm, as recommended in the 
B.S.I. specification. Assays in this series calculated 
by both methods (t.m.t. and log t.m.t.) gave almost 
identical results for potency and fiducial limits 
(Tables 6 and 8). The object of using the log t.m.t. 
is presumably to satisfy the mathematical purist’s 
desire to equalize the variance in the different 
groups. It may be mentioned here that this is not 
necessary when the gain in weight is used as the 
criterion of response (see below). 
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One of the advantages claimed for the B.S.I. diet 
is that growth is equalized and is independent of 
vitamin intake. Olsson’s data show that over the 
active dose range 8-32 units/100 g. food (he shows 
no point between 16 and 32 units), there is a gain 


Fiducial 
limits 
Combined Pooled P=0-95 
slope variance Potency % 

— 1-0384 0-03615 61 78-123 
— 1-0090 0-03196 57 78-122 
-1-2171 0-04182 17 84-119 
— 1-099 0-037973 16 82-120 


in weight of about 40-50 g. after 4 weeks. This is 
about one-third of the gain in our experiments, and 
Olsson introduces a correction for his t.m.t. values 
to compensate for the differences in weight of the 
chicks. Where, however, as in our results, the gain 
and t.m.t. are related, such a correction is not 
necessary. A probable reason for the difference 
between our results and Olsson’s lies in the Ca and 
P content of the diet. Olsson gives 1-76 % Ca and 
1-:04% P, against our figures of 1-0 and 1:1% 
respectively. 

On the Olsson diet, as used in these experiments, 
there is a marked difference in growth (and a corre- 
sponding difference in food intake) with increasing 
vitamin D dose level; this makes it necessary to 
use intake instead of dose level in calculating the 
results. It will be seen from the figures that this 
increase is linearly proportional to the log of the 
intake, and this being so, there is no need to correct 
the t.m.t. distances for growth differences. On the 
contrary, the weight increase is in itself a satis- 
factory criterion of response, and has the advantage 
of giving an equalized variance between groups, 
and also a lower coefficient of pooled variation. In 
some assays it tends to give higher results, which 
however, are more consistent over different test 
periods than the t.m.t. results and are of a similar 
degree of reliability. The slope of the response curve 
increases when the test is prolonged and we favour 
a 5 weeks’ test period when gain in weight is used 
as a criterion. 

SUMMARY 


In the light of the results described above, it is 
suggested that the method of using the growth 
response of chicks is a simple, convenient and 
accurate method for assays of vitamin D,, when 
the rachitogenic diet is suitably chosen and con- 
trolled, with special regard to its Ca and P content. 
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Ground Preparations of Pigeon Brain. The Effect of 
Inorganic Phosphate and Adenine Nucleotide 
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Quantitatively, pyruvate oxidation in pigeon brain 
has mainly been investigated with minced tissue 
[Peters & Thompson, 1934; McGowan, 1937; Long, 
1938]. While most of the pyruvate is oxidized com- 
pletely to CO, and water, small amounts undergo 
either oxidative decarboxylation (reaction 1; R = H) 
or anaerobic dismutation (reaction 2; R=H). 
2RCH,.CO.COOH +0, 

— 2RCH,.COOH +2C0,, (1) 
2RCH,.CO.COOH +H,0 

— RCH,.COOH + RCH,.CH(OH).COOH+CO,. (2) 

a-Ketobutyric acid is not a normal metabolite 

in biological systems, nor does the corresponding 
l-z-amino-butyric acid seem to occur naturally 
[Dunn, 1938], so that the activation of this keto- 
acid by enzymes must be regarded as an artefact. 
Nevertheless, its behaviour towards minced pigeon 
brain has led to valuable conclusions concerning the 
mechanism of pyruvic acid utilization [McGowan 
& Peters, 1937; Long & Peters, 1939; Long, 1942]. 

Minced pigeon brain could not completely oxidize 
a-ketobutyric acid, although oxidative decarboxyla- 
tion (reaction 1; R=CH,) and anaerobic dismuta- 
tion (reaction 2; R=CH,) occurred readily [Long 
& Peters, 1939]. Nevertheless, pyruvic and «-keto- 
butyric acids were equally rapidly utilized [Long, 
1942], that fraction which was completely oxidized 
in the case of pyruvic acid merely undergoing 
oxidative decarboxylation in the case of «-keto- 
butyric acid. 

Banga, Ochoa & Peters [1939 a, 6], using dialysed 
pigeon brain suspensions in which the cell structure 
of the tissue was destroyed by grinding, found that 
pyruvate oxidation was stimulated by the addition 
of inorganic phosphate, adenine nucleotide and 
fumarate. Ochoa [1939] showed that Mg++ was 
also required. This enzyme system seems to have 
little in common with the pyruvate oxidation 
system as it occurs in the minced tissue, the respi- 
ration of which is not affected by the addition of 
these dialysable components; but evidence will be 
presented to show that this is not due to the 
presence in the minced brain of these activators. 

In the present work enzyme studies with ground 
preparations of pigeon brain have been used to 
assess the effects of added inorganic phosphate and 
adenine nucleotide on the oxidation of both pyruvic 


and «-ketobutyric acids: a further communication 
will deal with fumarate catalysis. The oxidation of 
both pyruyate and «-ketobutyrate has been found 
to be stimulated by inorganic phosphate. That of 
pyruvate was also markedly increased by the addi- 
tion of adenine nucleotide, but the latter’s effect on 
«a-ketobutyrate oxidation was only very slight. The 
increased O, uptake, pyruvate utilization and 
O,/pyruvate ratio, together with the lowered B.Q., 
which were observed in presence of adenine nucleo- 
tide, showed that pyruvate was much more com- 
pletely oxidized in the presence of the nucleotide 
than in its absence. 


EXPERIMENTAL 
Materials 


Pyruvic and «-ketobutyric acids [Peters, 1938; 
Long & Peters, 1939]. The pure crystalline Na salts 
were used. Final concentration M/100, unless 
otherwise stated. 

Adenine nucleotide. Three preparations were em- 
ployed: (1) muscle adenylic acid (a gift from Prof. 
R. A. Peters), (2) adenylpyrophosphoric acid 
(Henning), and (3) Ca acid adenylpyrophosphate 
(a gift from Prof. T. H. Milroy). This last specimen 
was freed from Ca by Na oxalate. All three pre- 
parations, after neutralization, had the same effect 
on the oxidation of pyruvate by dialysed suspen- 
sions of pigeon brain containing M/20 phosphate 
buffer, pH 7-3. Adenine nucleotide was used 
throughout in concentration producing the maxi- 
mum effect (0-1 mg./ml.=3 x 10-4). 


Methods 


(1) The estimation of pyruvic and «-ketobutyric acids 
This was by the method of Lu [1939] as modified 
by Long [1942]. 
(2) The estimation of inorganic phosphate 
The method of Berenblum & Chain [1938] was 
applied in the following way to small volumes 
(2 ml.) of protein-free filtrates containing very low 
concentrations (0-5-2-5 x 10-4 M) of inorganic phos- 
phate. 


Into three test tubes (a), (6) and (c) were measured: 
(a) 2 ml. of the 5% trichloroacetic acid, protein-free filtrate, 
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(b) 2ml. of the standard phosphate (2 x 10-4M) in 5% 
CCl,.COOH, and (c) 2 ml. 5% CCl,;.COOH (control). 10N 
H,SO, (0-1 ml.), 5% ammonium molybdate (1 ml.) and 
isobutanol (4 ml.) were added to each. The contents 
were rapidly drawn into and expelled from a teat-pipette 
about 30 times. The lower aqueous layers were removed, 
by means of the corresponding pipettes, and discarded. 
The isobutanol extracts were then washed by extracting 
twice with 2 ml. N H,SO,. 0-4% SnCl, in NV H,SO, (3 ml.), 
freshly prepared from 40% SnCl, in cone. HCl, was then 
added to each. After thorough mixing and removal of 
the aqueous layer, each extract was made up to 10 ml. 
with ethanol. The absorption intensities were compared in 
a Hilger Spekker absorptiometer, using an orange filter 
(Hilger no. 3). The concentration of inorganic phosphate 
is linearly related to the absorption. 


(3) The preparation of the enzyme suspensions 


(a) For anaerobic experiments. Exhaustive wash- 
ing of the tissue was necessary in order to produce 
a very low residual activity. The method of pre- 
paration [cf. Long & Peters, 1939] was as follows: 


The cerebrum and optic lobes (about 1-5 g.) were removed 
as rapidly as possible from a freshly killed pigeon, and 
ground, ice-cold, in a mortar for 10 min. 0-9% KCl (6 ml.), 
ice-cold, was then added in portions and the grinding 
continued for a further 5 min. After passing through 
muslin, the brain suspension was centrifuged and the super- 
natant fluid discarded. The deposit was washed twice with 
0-9% KCl and then three times with 0-2% KCl (6 ml. each 
time), keeping throughout as cold as possible and allowing 
the salt solutions to remain in contact with the enzyme for 
about 15 min. before each centrifugation. The washed, 
almost colourless, suspension, now free from cytochromes, 
was made up to 10 ml. with 0-2% KCl. 1 ml. suspension 
was equivalent to 150 mg. fresh brain tissue. 


(b) For aerobic experiments. The preparation of 
dialysed brain suspensions, except in the tempera- 
ture during extraction, resembled that of the 
‘dispersions’ described by Banga et al. [19396]. 


The cerebrum and optic lobes (about 4-5 g.) from three 
pigeons were placed in an ice-cold mortar and ground for 
10 min. The contents warmed to room temperature during 
grinding. 0-9% KCl (9 ml.), ice-cold, was then added in 
portions and the grinding continued for 5 min. The brain 
suspension was passed through muslin, pipetted into 
two freshly prepared collodion sacs and dialysed for 3 hr. 
(unless otherwise stated) against 0-4% KCl (3 1.) at below 2°. 
During dialysis, the sacs were mechanically agitated. 1 ml. 
suspension was equivalent to 333 mg. fresh brain tissue. 


(4) Thunberg technique 


The Thunberg tubes [Keilin, 1929] contained 1 ml. of 
the enzyme suspension (added last), and substrates and 
other constituents to make the total volume 1-8 ml., the 
pH of the mixture being 7-3. The hollow stopper contained 
0-2 ml. methylene blue (1 : 5000). The tubes were twice 
exhausted and filled with N, and again exhausted. At zero 
time the methylene blue was added to the other consti- 
tuents; temperature 38°. Duplicate determinations were 
always made. 100 x the reciprocal of the reduction time 
(t min.) was taken as a measure of the activity of the system. 
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(5) Respiration technique 

1 ml. of the enzyme suspension, prepared as under (3) (5), 
was shaken at 28° in air in a total volume of 2 ml. at pH 7:3, 
usually for 40 min. O, uptakes were determined in Barcroft 
flasks, with filter paper soaked in 2N KOH (0-2 ml.) in the 
centre well. O, uptake was determined in duplicate or 
triplicate, and the agreement was +1-5%. If O, uptakes 
were not required, the suspension was shaken in 50 ml. 
Erlenmeyer flasks in the thermostat at 28°. For «-keto-acid 
or phosphate estimations, 25% CCl,.COOH (1 ml.) was 
added to the medium at the beginning and end of the 
respiration period. It was allowed to stand 15 min., the 
protein precipitate was filtered off, and the flasks and filters 
rinsed with 5% CCl,.COOH (3x2ml.). After standing 
overnight, the volumes were made up to 10 ml. and aliquots 
taken for «-keto-acid or phosphate estimation. 


RESULTS 


(1) The effect of inorganic phosphate on the oxidation 
of pyruvic and a-ketobutyric acids by ground 
preparations of pigeon brain 


Lipmann [1937] has shown that inorganic phos- 
phate or arsenate is necessary for O, uptake with 
acetone-dried preparations of B. delbriikii in the 
presence of pyruvate and methylene blue. The rela- 
tion of O, absorbed and CO, produced to pyruvate 
utilized, indicated oxidative decarboxylation to 
acetic acid. Banga et al. [19396] observed that 
phosphate markedly increased the O, uptake of 
dialysed pigeon brain suspensions in presence of 
pyruvate, adenine nucleotide, fumarate and Mg++. 
They inferred that the respiration would be zero in 
the complete absence of inorganic phosphate. To 
simplify the problem, the experiments described in 
this section were carried out in order to test the 
effect of inorganic phosphate, only, on the oxidation 
of pyruvate and «-ketobutyrate by pigeon brain 
suspensions, in the absence of other factors. 

Anaerobic experiments. The time taken by the 
system, dehydrogenase preparation and «-keto-acid, 
to reduce 0-2 ml. methylene blue (1: 5000) was 
determined by the Thunberg technique in the 
presence and absence of phosphate buffer, M/20, 
pH 7-3. The osmotic pressure and Na*+/K* ratio of 
the mediaywere kept constant throughout, isotonic 
phosphate and chloride being interchanged. 

There is no doubt that inorganic phosphate exerts 
a powerful catalytic effect on the anaerobic oxida- 
tion of both pyruvate and a-ketobutyrate (Tables 
1 and 2). The increased activity due to phosphate 
addition is quantitatively the same for the two 
a-keto-acids. 

Two typical curves connecting phosphate con- 
centration and activity are shown in Fig. 1, in 
which the effect of phosphate in the absence of 
«-keto-acid is also included in one case. The residual 
concentration of phosphate in the tissue was found 
to be 0-75 x 10-4M. Very small concentrations of 
inorganic phosphate exert a pronounced catalytic 
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Table 1. The anaerobic oxidation of pyruvate and for the two «-keto-acids (Table 2). At equivalent 


a-ketobutyrate in the presence and absence of in- 
organic phosphate 
Activity (100/t) 


Exp. 1 Exp. 2 
SS inte, 
Con- Phos- Con- Phos- 
Substrate trol phate Diff. trol phate Diff. 
Nil 0-5 0-5 0-0 1-1 25 1-4 
Pyruvate 05 14 149 53 148 95 


«-Ketobutyrate 05 148 143 40 138 98 


t=reduction time (min.). 
effect on the oxidation, and extrapolation to zero 


phosphate concentration shows that some «-keto- 
acid oxidation still occurs. 


Activity (100/t) 





0 
0 I 2 3 4 5 


Phosphate concentration (M x 10-*) 


Fig. 1. The effect of inorganic phosphate concentration on 
the activity of the «-keto-acid dehydrogenase system 
from pigeon brain. Curve A, pyruvate; curve B, 
a-ketobutyrate; curve C, no substrate. Curves B and C 
refer to the same experiment, curve A to a separate 
experiment. 


Arsenate also exerts a definite effect on the 
anaerobic oxidation of both pyruvate and «-keto- 
butyrate, and this effect is quantitatively the same 


concentration (M/20), arsenate appears to be about 
70-75 % as active as phosphate. 


Table 2. The replacement of phosphate by arsenate 
in the anaerobic oxidation of pyruvate and «-keto- 
butyrate 


Activity (100/t) 
Con- . Phos- Ar- 
Exp. Substrate trol phate Diff. senate Diff. 
1 Nil 05 0-7 0-2 0-7 0-2 
Pyruvate 0-9 6-9 6-0 5-7 4:8 
a-Ketobutyrate 0-5 6-5 6-0 5-3 4:8 
2 Nil 0-5 0-9 0-4 0-9 0-4 
Pyruvate 21 10-0 79 T5 5-4 
a-Ketobutyrate 0-9 9-3 8-4 71 6-2 


t=reduction time (min.). 


Aerobic experiments. Table 3 shows that the net 
O, uptake due to oxidation of pyruvate or a-keto- 
butyrate by brain suspensions is approximately 
doubled on addition of M/20 phosphate. The os- 
motic pressure and Na+/K*+ ratio of the media were 
again kept constant throughout. 

The catalytic effect of phosphate shown in Table 3 
does not appear to be as great as that obtained 
under anaerobic conditions. The residual inorganic 
phosphate concentration of the tissue, however, is 
very different in the two cases. The dehydrogenase 
preparation contained only about 0-75x 10M, 
whereas the dialysed tissue suspension contained 
about 1-1 x 10-*M phosphate. The comparison be- 
tween the aerobic and anaerobic oxidations should 
therefore be made at two definite phosphate con- 
centrations, e.g. 1-1 x 10-3 M and 5x 10-?M. Thus 
in one anaerobic experiment with «-ketobutyrate 
as substrate, the activity at 1-1 x 10-°M was 3-5, 
increasing to 7-4 at 5x 10-2 M phosphate; increase 
about 114%. This figure agrees quite closely with 
the percentage increase found for the catalytic 
effect in respiring pigeon brain suspensions. 

In contrast to its stimulating action on the 
anaerobic oxidation of «-keto-acids, arsenate did 
not cause an increased respiratory rate when tested 
with the dialysed brain suspension in the presence 
of pyruvate or «-ketobutyrate (Table 4). Not only 
is the net O, uptake due to «-keto-acid oxidation 


Table 3. The effect of inorganic phosphate on the respiration of dialysed pigeon brain suspensions 
in the presence of pyruvate and «-ketobutyrate 


O, uptake (ul./40 min.) 
— 


No added phosphate 


With 

Substrate Exp. Control substrate 
Pyruvate 1 52-4 100-5 
«-Ketobutyrate 2 51-8 79-5 
3 54-1 75:3 
4 52-4 62-5 





> 
Added phosphate (1/20) 


Net 
With increase 
Net Control substrate Net % 
48-1 51-0 149-9 98-9 103 
17-7 60-7 117-0 56-3 103 
21-2 65-4 108-0 42-6 101 
10-1 51-0 75-0 24-0 138 
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decreased by arsenate addition, but so also is the 
residual respiration rate. The cause of this general- 
ized inhibition has not been investigated. 


Table 4. The effect of arsenate on the respiration of 
dialysed pigeon brain suspensions in the presence 
of pyruvate and «-ketobutyrate 


O, uptake (y1./40 min.) 


=s No arsenate Arsenate added 

added (M/40) 

Se 

With With 

Con- — sub- Con-  sub- 
Substrate Exp. trol strate Net trol strate Net 
Pyruvate 1 524 1005 481 43:4 806 37-2 
«-Ketobutyrate 2 494 761 26-7 384 505 12-1 
3 524 625 101 434 503 69 


The experiments recorded in Table 5 show that 
although the addition of phosphate to brain sus- 
pensions brings about an increased utilization of 
«-keto-acid in all cases, this increase, which does 
not exceed 50%, is perhaps less than might have 
been expected. The effect of various phosphate 
concentrations on the utilization of «-keto-acid is 
shown in Fig. 2 (two typical experiments, using 


4 A 


«-Keto-acid utilization (umol.) 
nN 





0 
0 1 2 3 4 5 6 


Phosphate concentration (M x 10-%) 


Fig. 2. The effect of inorganic phosphate concentration on 
the utilization of «-keto-acids by respiring dialysed 
pigeon brain suspensions. Curve A, pyruvate; curve B, 
a-ketobutyrate. The two curves refer to separate ex- 
periments. 


pyruvate and a-ketobutyrate assubstrates). Extra- 
polation of the curves to zero phosphate concen- 
tration shows that even in the complete absence of 
inorganic phosphate there may be an appreciable 
utilization of «-ketobutyrate. It is difficult to draw 
any definite conclusion regarding the utilization of 
pyruvate at zero phosphate concentration, since the 
curve is so steep at the point of extrapolation. 
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Table 5. The utilization of pyruvate and «-keto- 
butyrate in the presence and absence of added in- 
organic phosphate 


a-Keto-acid 
Added utilization 
phos- pmol. 
phate ———~*———,_ In- 
Dialysis cone. Phos- crease 
Substrate Exp. hr. Mx10-° Nil phate % 
Pyruvate 1 3 50 1-99 3-08 55 
2 3 10 2-92 4:31 47 
3 3 10 2-80 4-01 50 
4 3 5 1-55 1:80 16 
5 24 12 0-69 0-83 22 
a-Ketobutyrate 6 3 5 1-96 2-14 9 
7 7 5 151 1:89 25 


(2) The comparative utilization of pyruvic and 
a-ketebutyric acids by washed preparations of 
minced pigeon brain and dialysed pigeon brain 
suspensions in the presence of phosphate 


The quantitative comparison of keto-acid utili- 
zation by these two systems has not previously 
been made. The results have been expressed in 
terms of pmol. of «-keto-acid utilized in 40 min. 
by an amount of enzyme preparation corresponding 
to 1g. fresh tissue. The washed mince was found 
to contain an average of 87-8 % water, as compared 
with 79-8 % in the fresh brain tissue. Taking this 
factor into account, the average values found in a 
number of experiments for «-keto-acid utilization 
are quoted in Table 6. The figures indicate (1) that 
pyruvic and «-ketobutyric acids are equally rapidly 
utilized by washed pigeon brain mince [cf. Long, 
1942], (2) that the utilization of «-ketobutyric acid 
is the same in washed mince and dialysed suspen- 
sions, and (3) that pyruvic acid is more rapidly 
utilized by dialysed suspensions than by washed 
mince. This last point will be referred to later. 


Table 6. The utilization of pyruvate and «-ketobutyrate 
by washed pigeon brain mince and dialysed pigeon 
brain suspensions in the presence of phosphate 


Phosphate concentration—M/20 in suspensions, M/10 in 
minced brain. Respiration at 28° in air, for 40 min. 


Pyruvic a-Ketobutyric 
acid acid 
Dialysed Dialysed 
Washed suspen- Washed suspen- 
mince sion mince sion 
No. of determinations 3 14 5 13 
a-Keto-acid utilization, 10-4 13-5 9-6 9-6 
pmol./g. tissue/40 min. 
Standard deviation of 0:3 0-9 08 0-8 


mean (e€) 


(3) The effect of adenine nucleotide on the oxidation 
of pyruvic and «-ketobutyric acids by ground 
preparations of pigeon brain 

Banga et al. [19396] observed that the omission 
of adenine nucleotide from the system (dialysed 
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pigeon brain suspension, pyruvate, inorganic phos- 
phate, adenine nucleotide, fumarate and Mg**) 
much reduced the rapid respiration rate.-The fol- 
lowing series of experiments was undertaken to 
discover what was the action of adenine nucleotide 
on the simplified system, dialysed brain suspension, 
pyruvate and inorganic phosphate only. In some 
experiments pyruvate was replaced by «-keto- 
butyrate. 

The anaerobic oxidation of pyruvic and «-keto- 
butyric acids in the presence and absence of adenine 
nucleotide. Adenine nucleotide was found to be 
without effect on the anaerobic oxidation of either 
pyruvate or a-ketobutyrate (Thunberg technique; 
Table 7). 


Table 7. The anaerobic oxidation of pyruvate and 
a-ketobutyrate in the presence and absence of 
adenine nucleotide 

M/20 phosphate present throughout 


Activity (100/t) 





Exp. 1 Exp. 2 
Adenine Adenine 
nucleo- nucleo- 
Substrate Nil tide Diff. Nil tide Diff. 
Nil 05 05 00 1-0 10 00 
Pyruvate 154 125 —29 11-1 11-1 00 
Exp. 3 Exp. 4 
vr. is _ *, Ci =e Ye 
Nil 0-9 11 O02 0-7 08 O1 
Pyruvate 11-8 1-1 —_— 


12-9 —_- = 
=. som (Oe Sek O8 


t=reduction time (min.). 


a-Ketobutyrate 


Table 8. The effect ef adenine nucleotide on the 
respiration of dialysed pigeon brain suspensions 
in the presence of pyruvate and «-ketobutyrate 


Suspension dialysed for 3 hr. Respiration at 28° in air for 
40 min. M/20 phosphate present throughout. 1 ml. suspen- 
sion =333 mg. fresh brain tissue. 

O, uptake (yl.) 


Se 
No addition Adenine nucleotide 





cc 
With With 
sub- sub- 

Substrate Exp. Nil strate Net Nil strate Net 
Pyruvate 1 6562 135-2 79-0 64-7 291-0 226-3 
2 105-0 196-7 91-7 1403 370-0 229-7 

3 710 119-7 487 95:3 272-0 176-7 

4 73-7 1306 569 110-0 325-0 215-0 

5 641 151-2 87-1 76-3 271-0 194-7 

6 381 93:5 55-4 49-5 235-5 186-0 

7 886 159-2 706 118-1 305-0 186-9 

8 705 1265 56:0 102-2 2655 163-3 

9 61:0 132-2 71-2 84-2 319-0 234-8 

10 58-7 141-8 83-1 70-1 2845 215-4 

Av. 68-7 138-7 70-0 91-1 293-9 202-8 

a-Keto- ll 743 1424 68-] 88:5 1542 65-7 
butyrate 12 71:0 126:0 550 742 133-8 59-6 
13. 83-7 130-7 47-0 89-1 139-4 503 

14 710 113-3 42-3 95:3 1518 565 

1 436 709 27:3 49:0 95:0 46-0 

Av. 68-7 116-7 480 79-2 1348 556 


a-KETO-ACID OXIDATION IN PIGEON BRAIN 


219 


The effect of adenine nucleotide on the O, uptake 
of dialysed pigeon brain suspensions in the presence 
of pyruvic and a-ketobutyric acids. The suspensions 
contained added inorganic phosphate. With pyru- 
vate, the average net O, uptake due to oxidation 
of this substrate, in the absence of added adenine 
nucleotide, was about 701./333 mg. tissue/40 min. 
(Table 8). The value was almost trebled when 
adenine nucleotide was added (cf. columns 4 and 7). 
With «a-ketobutyrate as substrate, on the other 
hand, adenine'nucleotide seemed to have little effect 
on the net O, uptake, although in two cases (Exps. 
14 and 15) a definite increase was observed. 

It should be noted that in order to observe any 
catalytic effect of adenine nucleotide on pyruvate 
oxidation by dialysed pigeon brain suspensions, 
inorganic phosphate must always be included in the 
respiration medium. In the experiment quoted 
below the effect of phosphate was studied on the 
respiration of dialysed pigeon brain suspension with 
3x 10-4M adenine nucleotide present throughout. 


O, uptake (l.) 
M/20 phosphate added 


Net 
150-9 


No phosphate added 


Net Nil 
18-9 58-6 


Nil Pyruvate 
17-0 35-9 


Pyruvate 
209-5 


In the absence of phosphate, the net O, uptake due 
to pyruvate oxidation is of the same order as that 
obtained under comparable experimental conditions 
in the absence of both phosphate and adenine 
nucleotide (Tables 3 and 4). In the presence of 
phosphate, however, the net O, uptake is increased 
about eightfold. 

The effect of adenine nucleotide on the utilization 
of pyruvic and «-ketobutyric acids by dialysed pigeon 
brain suspensions. The utilization of pyruvate is 
approximately doubled when adenine nucleotide is 
added (Table 9). Under similar conditions (Table 9, 


Table 9. The effect of adenine nucleotide on the utiliza- 
tion of pyruvate and «-ketobutyrate by dialysed pigeon 


brain SUSPENSLONS a-Keto-acid utilization 


pmol. 
Dialysis No Adenine 
Exp. hr. addition nucleotide 
Pyruvate 1 3 4-74 10-05 
2 3 5°81 10-27 
3 3 4-53 * 9-90 
+ 3 3-07 7-83 
5 3 5-32 9-89 
6 3 4-20 10-18 
7 3 4:27 9-24 
e $ “a C1 
Av. 4-50 9-43 
a-Ketobutyrate 9 3 4-57 4-60 
10 3 3-17 4:27 
Av. 3-87 4-43 
11 8 1-75 2-43 
12 8 2-13 3-35 
Av. 1-94 2-89 
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Exps. 9 and 10), there exists no corresponding effect 
with «-ketobutyrate as substrate. When, however, 
the brain suspension is dialysed for longer periods, 
the effect of adenine nucleotide becomes more evi- 
dent (Table 9, Exps. 11 and 12). This observation, 
taken in conjunction with the occasional effect of 
adenine nucleotide on the O, uptake of brain sus- 
pensions respiring in «-ketobutyrate (Table 8, Exps. 
14 and 15), indicates that the nucleotide does play 
a definite part in «-ketobutyrate oxidation. It 
appears that the «-ketobutyrate oxidation system 
is saturated by minimal concentrations of adenine 
nucleotide, so that after a period of dialysis lasting 
only 3 hr., sufficient usually remains associated 
with the enzyme to produce maximal effects. 


(4) The molecular ratios of net O, absorbed to «-keto- 
acid utilized for pyruvic and a-ketobutyric acid 
oxidation in respiring pigeon brain suspensions 


McGowan [1937] found for washed preparations 
of minced pigeon brain that 1-77umol. O, were 
absorbed per pmol. pyruvic acid utilized. From 
R.Q. data [Long & Peters, 1939] the corresponding 
molecular ratio for «-ketobutyric acid may be calcu- 
lated. It lies between 0-37 and 0-45. This ratio has 
now been determined experimentally by estimation 
of «-ketobutyric acid [Long, 1942], and for com- 
parison with respiring suspensions of pigeon brain; 
the values obtained are included in Table 10. 


Table 10. The molecular ratio of net O, absorbed to 
a-ketobutyric acid utilized by washed preparations 
of minced pigeon brain 


Washed minced pigeon brain prepared according to Long & 
Peters [1939]. Initial concentration of «-ketobutyrate, M/50. 








a-Keto- 
Temp. butyric O,/a«-keto- 
of O, uptake (umol./g./hr.) acid butyrate 
respi- }9—————__~_, utilization (mole- 
ration Con- a-Keto- (umol./ cular 
Exp. °C. trol butyrate Net g./hr.) ratio) 
1 28 6-92 10-18 3-26 9-75 0-33 
2 28 6-63 9-16 2-53 6-14 0-41 
3 28 7-01 10-38 3°37 8-51 0-40 
4 28 9-26 13-55 4:29 _—_—:12-88 0:33 
Av. 7-45 10-82 3°37 9-32 0-36 
5 38 10-68 19-69 9-01 21-23 0-42 
6 38 9-96 20-22 10-26 27-02 0-38 
7 38 8-65 17-84 9-19 21-89 0-42 
Av. 9-76 19-25 9-49 23-38 0-41 


The O,/pyruvate ratio for dialysed pigeon brain 
suspensions in the presence and absence of added 
adenine nucleotide. Adenine nucleotide addition ap- 
proximately doubles the pyruvate utilization and 
trebles the net O, uptake (cf. Tables 8 and 9). Thus 
it might be inferred that pyruvate oxidation is more 
complete in the presence of adenine nucleotide than 
in its absence. Table 11 fully confirms this expecta- 
tion, since the O,/pyruvate ratio averages 0-70 in 
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the absence of added adenine nucleotide, and 0-96 
in its presence. For that fraction of the pyruvate 
utilization which is specifically catalysed by adenine 
nucleotide, the molecular ratio, if it be considered 
separately, is 1-20umol. O,/umol. pyruvic acid. It 
should be noted that this value is much smaller 
than the corresponding figure obtained by McGowan 
[1937] for pyruvate oxidation in the minced tissue 
(O,/pyruvate = 1-77). 


Table 11. The molecular ratio O,/pyruvate for dia- 
lysed pigeon brain suspensions in the presence and 
absence of added adenine nucleotide (A.N.) 


Pyruvic acid 
Net O, —ite utilization 
pmol, pmol. O./pyruvate 
Con- Con- Con- 

Exp. trol a.n. Diff. trol a.n. Diff. trol a.n. Diff. 
1 3-48 9:94 646 4-74 10:05 5-31 9-73 0-99 1-22 
2 402 9-82 5-80 5-81 10:27 446 0-69 0-96 1-30 
3 250 9-45 695 453 9-90 537 0:55 0-96 1-29 
4 2-43 817 5-74 307 1783 476 0-79 1-04 1-21 
5 3-10 8-20 5:10 532 9-89 457 058 0-83 1-12 
6 3-13 9-73 660 4-20 10:18 5-98 0-75 0-96 1-10 
T 365 9-42 5-77 437 9-24 497 0-84 1:02 1-18 
Av. 3-19 9:25 606 456 9-62 5-06 0-70 0-96 1-20 


In considering the effect of adenine nucleotide on 
a-ketobutyrate oxidation (Table 9), it was concluded 
that after 3 hr. dialysis some adenine nucleotide 
still remains associated with the enzyme. Thus the 
O,/pyruvate ratio would be much lower than 0-70 
in the complete absence of adenine nucleotide, were 
it possible to realize this condition. Quite apart 
from this consideration, however, the mechanism 
of pyruvate oxidation is undoubtedly different in 
the presence, and in the absence, of adenine. nu- 
cleotide, as will be shown later. 

The O,/«-ketobutyrate ratio for dialysed suspensions 
of pigeon brain. For washed preparations of minced 
pigeon brain, the O,/«-ketobutyrate ratio (Table 10) 
averages about 0-39, a figure in agreement with 
previous work on the R.q. for «-ketobutyrate oxida- 
tion under similar conditions. In Table 12 are re- 
corded some corresponding values for this ratio, 
using dialysed pigeon brain suspensions. Series A 
(Table 12) refers to determinations carried out 
under the usual conditions. It will be seen that the 
O,/«-ketobutyrate ratio is very similar to that ob- 
tained with the minced brain preparations. 

It will also be noted, however, that if the brain 
is ground under rigorously ice-cold conditions, as 
recommended by Banga ef al. [19396], then the 
O,/«-ketobutyrate ratio is consistently above 0-5 
(series B, Table 12). This is the first definite indica- 
tion that under certain conditions «-ketobutyrate 
can be oxidized to an extent greater than corre- 
sponds with oxidative decarboxylation. There seems 
to be little doubt that residual adenine nucleotide 
is responsible for this, since pyruvate oxidation 
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under the same conditions is very great in the 
absence of added adenine nucleotide, and addition 
of the latter does not produce the usual large 
catalytic effect (Table 13). A possible explanation 
is that adenine nucleotide exists in a combined 
form in the fresh brain, and that this combination, 
although stable under ice-cold conditions, breaks 
down at room temperature in the absence of an 
organized cell structure. 


Table 12. The O,/a-ketobutyrate ratio for 
pigeon brain suspensions 








a-Keto- 
O, uptake (umol.) butyric 
acid O,/a- 
Con- a-Keto- utilization keto- 
Exp. trol butyrate Net pmol. butyrate 
Series A 1 2-36 4-08 1-7 4-16 0-41 
3-80 5-63 1-83 4-20 0-44 
3 2-21 3-13 0-92 2-57 0-36 
Av. 2-79 4-28 1-49 3-64 0-41 
Series B 4 2-77 4-81 2-04 2-35 0-87 
5 3-30 5-73 2-43 4-26 0-57 
6 2-33 4-91 2-58 4-11 0-63 
7 2-67 5-57 2-90 5-09 0-57 
Av. 2-77 5-26 2-49 3-95 0-64 


Table 13. The O, uptake of dialysed pigeon brain 
suspensions, prepared under rigorously ice-cold 
conditions, respiring in pyruvic acid 

O, uptake (1./40 min.) 
——————---r 


No adenine nucleotide Adenine nucleotide 








added 
i a a 
Con- Con- 

Exp. trol Pyruvate Net trol Pyruvate Net 
1 83-7 250-8 167-1 89-1 2813 192-9 
2 1113 2155 1042 151-8 304-7 152-9 
3 1385 315-3 177-0 _ _ — 

4 93-4 2370 143-6 — — _ 
5 92-7 262-0 169-3 — — _ 
6 86-6 245-0 158-4 — — — 
7 799 207-0 127-1 — — — 
8 57-1 2170 159-9 — _— — 
9 80-9 2685 187-6 — os — 
Av. 905 2465 156-0 _ ae aS, 
(cf. 67-1 134-2 67-1 for 23 exps. under normal con- 


ditions (Tables 8 and 14)) 


(5) The R.Q. of dialysed pigeon brain suspensions 
in the presence of pyruvic and «-ketobutyric acids 
For washed preparations of minced pigeon brain, 
McGowan [1937] obtained an average value for the 
R.Q. in pyruvate of 1-30, after allowing for residual 
gas exchange. For the R.q. of «-ketobutyrate oxida- 
tion under similar conditions, the average value 
2:37 was obtained [Long & Peters, 1939]. Both 
figures agree well with other experimental facts. 
As might be expected, the more complete oxida- 
tion of pyruvate by dialysed suspensions of pigeon 
brain which is observed in the presence of adenine 
nucleotide is accompanied by a lowered R.q. 
Furthermore, the similarity between the O,/«-keto- 
butyrate ratios for washed pigeon brain mince and 
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dialysed suspensions under normal conditions, leads, 
as expected, to identical values for the R.q. The R.Q. 
determinations were made by the indirect method 
of Long & Peters [1939]. 

The k.Q. for pyruvate oxidation by dialysed pigeon 
brain suspensions in the presence of inorganic phos- 
phate and absence of added adenine nucleotide. Many 
factors contribute to the variation in the net O, 
uptakes observed with dialysed pigeon brain sus- 
pensions respiring in presence of pyruvate and 
inorganic phosphate only. The most important is 
the temperature of the grinding process, already 
mentioned: under ice-cold conditions high values 
were obtained. Other factors which tend to produce 
high values are (a) the use of less permeable dialysis 
sacs, (b) shorter duration of the dialysis, (c) shorter 
periods of grinding, and (d) lower temperature of 
dialysis. While (6) and (c) can easily be reproduced, 
it is more difficult to control (a) and (d); hence some 
scatter of the results is inevitable. The variable 
throughout appears to be the amount of residual 
adenine nucleotide still associated with the enzyme 
preparation. 


Table 14. The R.e. for pyruvate oxidation by dialysed 
pigeon brain suspensions in the presence of in- 
organic phosphate only 
M/20 phosphate present throughout. 40 min. respiration in 

air at 28°. 








O, uptake (ul.) | CO, production (l.) B.Q. 
OF 
Con- Pyru- Con- Pyru- Con- 
Exp. trol vate Net trol vate Net trol Net 
Series A 
1 666 1063 39:7 516 143-8 92-2 0-78 2-35 
2 65-6 1126 47-0 49-0 1636 1146 0-75 2-44 
3 58-4 107-2 48:8 53-1 1460 929 091 1-90 
4 69-3 123-1 538 66-1 168-7 1026 0-95 1-91 
5 705 1265 560 425 152-1 109-6 0-60 1-96 
6 89-9 1582 68:3 73:3 203-6 1303 0-82 1-91 
Av. 79-0 122-3 523 55-9 163-0 107-1. 0-80 2-05 
Series B 
7 50-1 118-7 68-6 31-1 155-6 1245 062 1-82 
8 80-3 149-7 69-4 77:3 202-0 1247 0-96 1-80 
9 63-2 134-2 71:0 47-6 177-8 130-2 0-75 1-84 
10 74:7 1495 748 46-7 206-9 160-2 063 2-14 
11 541 129-8 75-7 47-1 179-0 131-9 0-87 1-74 
12 43-7 125-8 821 363 182-5 146-2 0-83 1-78 
13 95-8 194-0 98:2 72:8 263-8 191-0 0-76 1:94 
Av. 660 143-1 77-1 51:3 195-4 1441 0-78 1-87 


In Table 14 are recorded determinations of the 
R.Q. for pyruvate oxidation by dialysed pigeon 
brain suspensions, in the presence of phosphate and 
absence of added adenine nucleotide. Series A and 
B, respectively, include those experiments in which 
smaller and larger net O, uptakes have been ob- 
served. In Series A, a low value for the net O, 
uptake is accompanied by a high value for the net 
R.Q. In Series B, the higher average net O, uptake 
corresponds with a lower net R.Q. Since there is 
reason to believe that appreciable amounts of re- 
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sidual adenine nucleotide are active in Series B, the 
conclusion may be drawn that this activator is 
responsible for the lowering of the net R.q. Com- 
plete confirmation for this is provided in the next 
section. The average residual gas exchange is the 
same in both Series A and B. 

The 8.0. for pyruvate oxidation by dialysed pigeon 
brain suspensions in the presence of inorganic phos- 
phate and adenine nucleotide. When excess adenine 
nucleotide is added to the enzyme system, the 
extent of scatter among a series of R.Q. deter- 
minations for pyruvate oxidation should be much 
reduced, since the most important variable, namely 
adenine nucleotide present in suboptimal concen- 
tration, is no longer operative. Table 15 shows the 
individual figures for eight determinations of the 
R.Q. under these conditions. The net O, uptake due 
to pyruvate oxidation is fairly constant, and 
amounts to nearly three times the average figure 
(64-7 pl.) observed in the absence of added adenine 
nucleotide (Table 14). The effect of adenine nucleo- 
tide is to lower the net R.Q. appreciably. 


Table 15. The R.e. for pyruvate oxidation by dialysed 
pigeon brain suspensions in the presence of adenine 
nucleotide and inorganic phosphate 


3x10-*M adenine nucleotide present throughout. Other con- 
ditions similar to those in Table 14. 








O, uptake (ul.) | CO, production (yl.) R.Q. 
AN ~ A ~ —————__——__, 
Con- Pyru- Con- Pyru- Con- 

Exp. trol vate Net trol vate Net trol Net 
1 63-5 254-0 190-5 ‘T 366-7 321-0 0-72 1-69 
2 68-4 2646 196-2 47-1 383-6 3365 0-69 1-72 
3 103-9 296-5 192-6 73-9 380-7 3068 0-70 1-59 
4 90-2 270-3 180-1 66-7 3615 2948 0-74 1-64 
5 122-9 284-0 161-1 87-7 364-7 277-0 0-71. 1-72 
6 81-0 257-5 1765 52-2 345-5 2933 0-65 1-66 
7 125-0 3165 1915 79-9 399-2 3193 0-64 1-66 
8 112-0 288-5 176-5  79-2- 361-3 282-1 0-71 1-60 
Av. 95-9 279-0 183-1 666 370-4 3038 0-69 1-66 


The k.Q. for that part of the pyruvate oxidation in 
dialysed pigeon brain suspensions which is specifically 
catalysed by adenine nucleotide. In order to obtain 
the R.q. for the adenine nucleotide-catalysed oxida- 
tion of pyruvate, it is best to determine the indi- 
vidual R.Q.’s in the presence, and in the absence, 
of added adenine nucleotide and of pyruvate, simul- 
taneously on the same sample of dialysed enzyme. 
In practice this is difficult, since with duplicate 
estimations 24 Barcroft manometers would be re- 
quired. The general method adopted here has been 
to use those results shown in Tables 14 and 15, 
which give the R.Q. values for pyruvate oxidation 
in the presence, and in the absence, of added adenine 
nucleotide. Although the R.Q. in the absence of 


added adenine nucleotide varies widely, the scatter 
among the individual values, presumably due to 
variable suboptimal quantities of adenine nucleo- 
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tide in the enzyme preparation, should give the 
same net effect of adenine nucleotide for both 
series, A and B. This was the case (Table 16). 


Table 16. The R.Q. for that part of the pyruvate 
oxidation which is specifically catalysed by adenine 
nucleotide 


Net O, uptake (yl.) 
due to pyruvate 


Net CO, production (l.) 
due to pyruvate 





co 
No No 
addi- Added addi- Added Net 
tion A.N. Net tion AN. Net R.Q. 
Series A 52-3 130-8 107-1 196-7 1-50 
183-1 

Series B 77-1 106-0 144-1 159-7 =1-51 
Av. 647 1831 1184 1256 303-8 1782 1-50 


The R.2. for «-ketobutyrate oxidation by dialysed 
pigeon brain suspensions. Under normal conditions, 
the net 8.Q. for «-ketobutyrate oxidation by dialysed 
pigeon brain suspensions is identical with that pre- 
viously found by Long & Peters [1939] for washed 
preparations of minced pigeon brain. The average 
value (2-38) for three determinations (Table 17, 
Series A) agrees closely with the figure 2-37 for 
minced brain. This is not unexpected, in view of 
the similarity of the ratio O,/«-ketobutyrate for 
the two enzyme preparations. 

When the r.Q. for «-ketobutyrate oxidation was 
determined with dialysed suspensions prepared 
under rigorously ice-cold conditions, it was found 
to be considerably lower than the normal value 
(Table 17, Series B). This is in accordance with the 
earlier observation that the O,/a-ketobutyrate ratio 
is markedly increased under these conditions, as 
shown in Table 12. 


Table 17. The R.Q. for «-ketobutyrate oxidation 
by dialysed pigeon brain suspensions 
M/20 phosphate present throughout. 40 min. respiration at 
28° in air. 


O, uptake (yl.) CO, production (yl.) 
A A 











een ae ~, R.Q. 
a-Keto- a-Keto- 
Con- buty- Con- buty- Con- 

Exp. trol rate Net trol rate Net trol Net 
Series A 

1 85:0 125-7 407 591 1560 969 0-70 2-38 

2 69-7 1041 344 605 1352 747 O87 217 

3 765 1153 388 52:0 1514 99:4 068 2-56 

Av. 770 115-0 38:0 572 1475 903 0-74 2-38 
Series B 

4 59-7 1247 65:0 349 143-6 1082 0-59 1-67 

5 482 965 483 21-1 106-2 85:1 0-44 1-76 

Av. 539 1106 56-7 280 1247 96-7 052 1-71 


(6) The amounts of free and combined CO, formed 
during the oxidation of pyruvic acid by dialysed 

_ pigeon brain suspensions 
In the experiments already described on the de- 
termination of the R.Q. values for pyruvate oxida- 
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‘tion, the total CO, produced’ was obtained by the 


summation of the amounts of free and bound CQ,. 
The free CO, formed was estimated by the difference 
in gas absorption in the presence and absence of 
KOH-papers; the bound CO, was found by libera- 
tion of CO, by acid at the beginning and end of the 
respiration period. The usual controls in the absence 
of substrate were made throughout. It has been 
found that under any given set of experimental 
conditions both the total and relative amounts of 
free and bound CO, formed are remarkably con- 
stant, and that the omission of substrate, or the 
addition of adenine nucleotide, is accompanied by 
a new set of values (Table 18). 

A pyruvate ion utilized by oxidative decarboxyla- 
tion 

CH,CO.COO-+ 40, + CH,COO-+CO, 

must be replaced by an acetate ion and 1 mol. free 
CO,. A pyruvate ion completely oxidized, 

CH,CO.COO- + 240, > HCO,- + 2CO,+ H,0, 
however, is replaced by a bicarbonate ion and 
2 mol. CO,. Thus in the first example all the CO, 
formed appears as gas, and in the second case two- 
thirds appear as gas and one-third as bicarbonate. 

The experiments would best be performed in 
bicarbonate buffer saturated with O, containing 


Table 18. CO, distribution as gas and bicarbonate 
during the oxidation of pyruvate by dialysed sus- 
pensions of pigeon brain 

Distribution of total CO, production (y1./40 min.) 


CO, gas formation Bicarbonate formation 











co OO SN 
. Con-  Pyru- Con-  Pyru- 
Exp. trol vate Net trol vate Net 
No adenine nucleotide added, Series A 
1 47-0 108-1 61-1 4-6 35-7 31-1 
2 42-6 123-7 81-1 6-4 39-9 33-5 
3 408 110-1 69-3 12:3 35-9 23-6 
4 49-0 1253 76-5 17-1 43-2 26-1 
5 356 1133 75-7 6-9 40-8 33-9 
6 59-7 156-0 96-3 13- 47-6 34-0 
Av 458 122-5 76-7 10-1 40-5 30-4 
No adenine nucleotide added, Series B 
7 26-7 115-7 89-0 4-4 39-9 35-5 
8 58:3 147-2 88-9 19-0 54:8 35-8 
9 41-2 132-7 91-5 6-4 45-1 38-7 
10 456 1563 110-7 1-1 50-6 49-5 
1] 42-6 1383 95-7 45 40-7 36-2 
12 33-8 1445 110-7 2-5 38-0 35-5 
13 56-1 1861 130-0 16-7 17-7 61-0 
Av. 435 1459 102-4 78 49-5 41-7 
Adenine nucleotide added 
1 42-1 262-1 220-0 36 1046 #8 101-0 
2 40-0 269-1 229-1 71 1145 107-4 
3 63-1 2756 2125 108 105-1 94-3 
4 57-1 2599 202:8 96 101-6 92-0 
5 69-6 269-0 199-4 18-1 95-7 17-6 
6 45-8 2513 205-5 6-4 94-2 87-8 
7 748 295-1 220-3 &1  =104-1 99-0 
8 69-4 2713 201-9 9-8 90-0 80-2 
Av. 57-8 269-2 211-4 88 101-2 92-4 
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5% CO,, but in fact the medium used was initially 
free from bicarbonate and the respiration was con- 
ducted in air. It has been observed, however, that 
during the equilibration period a considerable 
amount of bicarbonate is formed (about 70 and 
40yl. in the presence and absence of pyruvate, 
respectively). During the respiration period bicar- 
bonate is formed much less rapidly, whereas the 
gaseous CO, formed is very considerable. Appa- 
rently equilibrium between the medium and its 
atmosphere has been reached at the beginning of 
the respiration period. Measurement of the amounts 
of CO, formed as gas and bicarbonate under 
different conditions are therefore possible; for pyru- 
vate oxidation in the presence and absence of added 
adenine nucleotide the results are given in Table 18. 
The figures for that part of the pyruvate oxidation 
which is specifically catalysed by adenine nucleotide 
are shown in Table 19, from which it will be seen 
that about two-thirds of the CO, produced appears 
as gas (CO, gas formation) and one-third remains in 
solution (bicarbonate formation). These results are 
discussed later. 


Table 19. CO, production as gas and bicarbonate 
from+that part of the pyruvate which is utilized 
specifically by adenine nucleotide (A.N.) catalysis 

Distribution of CO, production (y1./40 min.) 


CO, gas formation Bicarbonate formation 
oe. A 








“No Added “No Added 
addition A.N. Net addition A.N. Net 
Series A 16-7 134-7 30-4 62-0 
92-4 
Series B 102-4 109-0 41-7 50-7 
Av. 89-5 211-4 121-9 36-1 92-4 56-3 
DISCUSSION 


' The collective data presented in this paper, although 


still incomplete, allow a fairly detailed comparison 
to be made of the pyruvic acid oxidation processes 
occurring in minced and in ground pigeon brain. 
Knowledge of the behaviour of «-ketobutyric acid 
towards the same enzyme preparations has provided 
the initial clues to the problem. It has been shown 
(Table 6) that «-ketobutyric acid is equally rapidly 
utilized by minced and by ground pigeon brain 
under similar conditions. Furthermore, identical 
values have been obtained for the O,/«-ketobutyrate 
ratio and the R.q. for the two enzyme preparations. 
It therefore seems justifiable to draw the conclusion 
that those enzymes responsible for oxidative de- 
carboxylation and anaerobic dismutation, reactions 
which are known to utilize «-ketobutyric acid in 
minced brain, are also operative in the ground tissue. 

Pyruvic and «-ketobutyric acids have previously 
been shown [Long, 1942] to be equally rapidly 
utilized by respiring minced pigeon brain. In 
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ground preparations (suspensions), on the other 
hand, pyruvate has now been found to be more 
rapidly utilized than «-ketobutyrate. This observa- 
tion can be explained in the following manner. It 
has been shown in the experimental section that 
under certain conditions, such as the rigorously 
ice-cold grinding of the brain, the tissue preparation 
contains appreciable amounts of adenine nucleotide, 
even after 3 hr. dialysis, and it is probable that 
even under the most favourable conditions obtain- 
able, suboptimal amounts of adenine nucleotide are 
always associated with the tissue enzyme. This fact 
becomes important when it is borne in mind that 
pyruvate utilization by ground preparations of 
pigeon brain is very susceptible to catalytic amounts 
of adenine nucleotide (Table 9), whereas «-keto- 
butyrate utilization is not nearly so sensitive, a 
definite effect in this case being difficult to detect. 
It seems certain, therefore, that if adenine nucleo- 
tide could be excluded: completely from the system, 
pyruvic acid utilization would be much lower than 
that normally observed, and pyruvic and «-keto- 
butyric acids would probably be equally rapidly 
utilized. When the ground tissue enzyme was 
thoroughly extracted with hypotonic saline, as in 
the anaerobic oxidation experiments, the reduction 
time of methylene blue was found to be the same 
with either pyruvate or «-ketobutyrate as substrate 
(Tables 1 and 2). This is evidence in favour of equal 
rates of oxidation of pyruvic and «-ketobutyric 
acids by ground preparations of pigeon brain in the 
presence of a phosphate buffer and in the complete 
absence of adenine nucleotide. 

The reactions involved in the oxidation of pyruvic 
acid by dialysed pigeon brain suspensions, respiring 
in phosphate buffer, must now be considered. 
McGowan [1937], using minced pigeon brain, found 
the O,/pyruvate ratio to be 1-77 mol. O, absorbed/ 
mol. pyruvic acid utilized. The corresponding ratio 
for dialysed suspensions, under comparable condi- 
tions, has been found to be 0-70 (Table 11). This 
indicates that pyruvate is much less completely 
oxidized by ground brain suspensions. Even this 
value, however, is too high, since some of the 
pyruvate is utilized by residual adenine nucleotide 
catalysis, which requires 1-20 mol. O,/mol. pyruvic 
acid. The true figure in the complete absence of 
adenine nucleotide is therefore probably much 
lower, and is no doubt very similar to the O,/«-keto- 
butyrate ratio (0-41). This is confirmed by the net 
R.Q. values. McGowan [1937] reported the R.q. for 
pyruvate oxidation in minced brain to be 1-30. In 
this work the corresponding figure for dialysed sus- 
pensions was found to vary between 1-74 and 2-44. 
Furthermore, low values for the net O, uptake due 
to pyruvate oxidation are accompanied by high 
R.Q. values. Allowing for the pyruvate which is 
oxidized by residual adenine nucleotide catalysis, 
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the true R.Q. in the complete absence of adenine 
nucleotide would probably be similar to the R.Q. 
for «-ketobutyrate oxidation under the same con- 
ditions (2-38). Both lines of evidence strongly sug- 
gest that in the complete absence of adenine nucleo- 
tide, pyruvate and «-ketobutyrate oxidations would 
proceed according to the same reactions, i.e. oxi- 





dative decarboxylation and anaerobic dismutation. [ 


Presumably the process of grinding the brain 
tissue, and the consequent destruction of the cell 


structure, alters the conditions necessary for the 


complete oxidation of pyruvate to CO, and water. 
The latter occurs to the extent of about 70% of the 
pyruvate utilized by respiring minced brain [Long, 
1938]. This fraction of the pyruvate which dis- 
appears is probably utilized by the alternative 
process of oxidative decarboxylation when the 
oxidation is carried out in the presence of ground 
preparations of pigeon brain. 

If these deductions are correct, namely that 
dialysed pigeon brain suspensions, respiring in 
a phosphate-buffered inorganic, medium, utilize 
pyruvic acid by oxidative decarboxylation and 
anaerobic dismutation exclusively, pyruvic acid 
certainly undergoes a totally ~different type of 
oxidation in the presence of adenine nucleotide. So 
far there is no evidence that adenine nucleotide 
exerts any influence on either of these reactions, 
and presumably adenine nucleotide opens up a 
new reaction path for pyruvic acid. This view is 
supported by the increased utilization of pyruvic 
acid when adenine nucleotide is added, and the 
completely different set of values obtained for 
the O,/pyruvate ratio and the R.q. for that part 
of the pyruvate oxidation which is specifically 
catalysed by adenine nucleotide. 

If that part of the pyruvate utilization which is 
specifically catalysed by adenine nucleotide only be 
considered, the O,/pyruvate ratio of 1-20 and R.Q. 
value of 1-50 indicate that 1-80 mol. CO, are pro- 
duced by the oxidation of 1 mol. pyruvic acid, i.e. 


60% of the carbon of pyruvic acid is converted | 


into CO,. So far then the reaction can be expressed 
in the form 


5CH,.CO.COOH +60, —> 9CO,+(6C + 20H +90). 


Further, if the CO, produced in the form of 
bicarbonate is one-third of the total CO, (Table 19), 
then 6 mol. CO, are formed as gas and 3 mol. as 
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bicarbonate. In order to balance the total acidic | 


groups taking part in the reaction, 2 mol. fixed 
acid must also be produced: 


5CH,.CO.COOH + 60, 


+>6CO, + 3C0O, + (6C+20H+90). 
(CO, gas_ (bicarbonate (2 equiv. 
formation) formation) fixed acid) 


The constitution of the fixed acid or acids is not . 


known. The three most likely possibilities are that 
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there are (1) two 3-carbon monobasic acids, (2) one 
2-carbon and one 4-carbon monobasic acid, (3) 
one 6-carbon dibasic acid. Allowing for the 4 or 
5 mol. water formed, there are various possibilities, 
which would fit the equation perfectly. Speculation 
is here of little value, and characterization and 
determination of the fixed acids must be awaited. 


SUMMARY 


1. Inorganic phosphate or arsenate is required 
for the anaerobic oxidation of both pyruvate and 
a-ketobutyrate by ground preparations of pigeon 
brain with methylene blue as H-acceptor. 

2. Inorganic phosphate stimulates the O, uptake 
and the utilization of pyruvate and of «-keto- 
butyrate by respiring preparations of ground pigeon 
brain (suspensions). Arsenate is slightly inhibitory. 

3. a-Ketobutyrate is utilized at the same rate 
under comparable conditions by minced and ground 
preparations of pigeon brain. Pyruvate is more 
rapidly utilized by ground than by minced brain. 
This apparent discrepancy is discussed. 

4, Adenine nucleotide markedly increases the 
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net O, uptake and the pyruvate utilization of 
pigeon brain suspensions when inorganic phosphate 
is present. It stimulates «-ketobutyrate oxidation 
under certain conditions, but normally its influence 
is difficult to detect. 

5. Normally the O,/«-ketobutyrate ratio and the 
R.Q. for «-ketobutyrate oxidation is the same for 
brain suspensions as for minced brain. 

6. The O,/pyruvate ratio, R.q. and CO, distribu- 
tion as gas and bicarbonate have been determined 
in the presence and absence of added adenine 
nucleotide. For that part of the pyruvate oxidation 
specifically catalysed by adenine nucleotide, the 
following values have been obtained: O,/pyruvate 
ratio, 1-20;R.Q. 1-50; gaseous CO,/bicarbonate CO,, 
2-0. 

7. The mechanisms of pyruvate oxidation in 
minced and ground pigeon brain preparations are 
compared. The mode of oxidation of pyruvate by 
pigeon brain suspensions in the presence of in- 
organic phosphate and adenine nucleotide is dis- 
cussed. 


The author thanks Prof. D. C. Harrison for his interest 
in the work. 
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The Biological Value of Mixed Proteins in Food Served in 
Royal Air Force Airmen’s Messes 


By T. F. MACRAE (R.A.F.V.R.), KATHLEEN M. HENRY anp S. K. KON, 
From the R.A.F. Institute of Pathology and Tropical Medicine and the 
National Institute for Research in Dairying, University of Reading 


While much information is available on the bio- 
logical value of isolated proteins and of mixed 
proteins of individual foodstuffs, relatively little 
is known about the biological value of the pro- 
teins (nitrogen) of mixed human dietaries. Supple- 
mentary relationships between proteins make it 
naturally impossible to calculate such values from 
those of separate constituents. Hence an assess- 
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ment of a whole diet is of greater practical im- 
portance than the evaluation of the contribution 
of its different components. 

The experiments described below were carried 
out to determine the biological value of the com- 
bined proteins contained in the food served to 
airmen at four Royal Air Force Stations in this 
country during October-December, 1941. 






EXPERIMENTAL 


At each Station the total food available to 5 airmen at 
all meals during 1 week was collected. Care was taken to 
ensure that this was representative of that served in the 
messes. The airmen queued for their meals and samples 
were obtained by taking at random 5 plates offered to 
the men as they filed past. The food was collected in gal- 
vanized pails. Tea and cocoa, as served, were not added, since 
the large amount of water would have caused difficulties 
during processing. The tinned milk, sugar and cocoa powder 
used in the making of the tea and cocoa, however, wereadded. 

The food was then stored at — 20° for 7 days. The total 
food was ground in the frozen state, the temperature not 
being allowed to exceed —5°. Care had to be taken to 
avoid the addition of large pieces of fat, and it was essential 
to spread the butter and margarine on the bread, otherwise 
these fats clogged the mill. The ground, frozen material 
which was snow-like in appearance was mixed and dried 
in an oven maintained at 70° and through which a rapid 
current of air was passed, for 6-7 hr. Except during the 
last } hr., the temperature of the food was much lower 
than that of the oven, owing to the evaporation of water. 
The dried food was then minced in a sausage mincer and 
finally ground in a coffee mill; the resulting product was a 
fine brown-coloured powder, stable and suitable for analyses. 
The total weight of the dried food was determined and from 
it the average weight of dried diet representing one man’s 
daily ration was calculated. The analyses of these dried 
diets for the total amounts of nutrients have been carried 
out and will be reported later. 

The average amount of food left unconsumed was also 
ascertained. Table 1 gives the amount of protein in the 
food served and that in the food consumed. Protein values 
were obtained by multiplication of the nitrogen values by 
the factor 6-25. 


Table 1. Amounts of protein offered to and 
consumed by airmen (average/man daily) 


Station Station Station Station 
1 2 3 4 
(diet I) (diet II) (diet III) (diet IV) 
Protein in diet (%) 14-6 16-0 16-8 17-2 
Protein offered (g.) 86-4 105-2 106-3 100-8 
‘Plate waste’ (%) 3-3 6-0 5:3 7-3 
Protein consumed 83-6 98-9 100-7 92-9 


(g-) 


The amounts of the raw foodstuffs used in the different 
cookhouses were known. From tables of food values it was, 
therefore, possible to calculate the percentages of protein 
contributed to the dietaries by the individual foodstuffs. 
It was also possible to make a rough estimate of the amounts 
of the proteins which were of vegetable and animal origin 
respectively (Table 2). 

The biological values and true digestibilities of diets from 
the four R.A.F. stations were determined by the method 
of Mitchell [Mitchell, 1924; Mitchell & Carman, 1926], using 
rats as experimental animals. The diets were diluted with 
starch to give an 8% level of protein intake (N x 6-25), and 
sufficient margarine fat was added to bring the total fat con- 
tent of each diet to 10%. As analysis indicated that the 
resulting diets were rather low in Ca, 15% CaHPO,.2H,O 
was added to each. Table 3 gives the composition and 
analysis of the experimental diets. 
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individual foodstuffs in dietary. Calculated total . 


percentage of protein of animal origin 


Station Station Station Station 
Foodstuffs 1 2 3 4 


Bread, white 22-8 25-4 22-0 20:1 
Bread, National 6-7 10-8 6-9 8-1 
Flour, white 5-2 4-2 4-1 4-2 
Oatmeal 2-7 1-1 1-5 2:3 
Rice 0-9 0-9 0-5 0-3 
Custard powder 0-1 0-1 — 0-1 
Shredded wheat 0-4 —- 0-2 _— 
Cornflakes 0:3 1-2 0-5 0-2 
Cake 3-1 — 3-4 — 
Spongecake 0-9 _— — — 
Fruit pie —_ _— 0-2 _ 
Jam 0-1 == =: 0-1 
Milk 5-0 3-9 6-8 3-4 
Cheese 4-2 2-8 2-7 3-9 
Butter 0-1 -- 0-1 0-1 
Beef y1l-1 14:8 12-3 5-6 
Boneless beef 4-6 — _- 6-2 
Mutton —- 3-0 _- 49 
Preserved meat 3-9 oo 3-8 3-6 
Liver _- _ 3-8 2-5 
Kidney 2-6 5:3 2-5 _— 
Sausage 2-4 3-9 6-1 5-5 
Oxtail — —- 0-4 — 
Oxheart = == _- 1-9 
Meat roll 1-2 4-2 0-8 1-2 
Meat paste 1-2 _: — — 
Meat pie —_ —_— —_— 4-7 
Pork pie _ _ 13 — 
Cornish pastie — — 3-4 — 
Sausage roll — — 1:3 _ 
Bacon 4-7 4:3 3-6 3-1 
Fish (haddock) 3-8 4-0 -- 55 
Kippers — — —_ 2-5 
Fish cake — — 1-1 — 
Potatoes 6-3 59 6-4 7-0 
Cabbage 1-5 0-8 0-4 0-4 
Brussels sprouts — — 0-2 0-4 
Cauliflower — 0-4 -- 0-4 
Carrot 0-4 0-2 0-3 0-5 
Turnip 0-3 0-5 0-3 0-3 
Parsnip so -s 0-3 0:3 
Celery — a 0-1 — 
Beetroot 0-2 0-2 0-1 — 
Onion — 0-1 — 0-1 
Lettuce 0-1 —- — — 
Tomatoes 0-1 0-1 0-1 0-1 
Dried beans 1-3 0-5 1-4 — 
Lentils — -- 0-1 — 
Canned beans 1-1 0-8 0-3 — 
Apples —_— 0-2 0-1 0-1 
Prunes — 0-1 _ — 
Sultanas 0-2 - _: 0-2 
Raisins -- _ 0-2 o 
Cocoa 2-0 1-0 1-1 1-0 
Percentage of total 43-2 42-2 42-7 44-7 


protein of animal 
origin (calc.) 


Three groups of four litter-mate female rats 25-30 days 
old and weighing 52-71 g. were placed in glass and stainless 
steel metabolic cages. A description of the cages and of 
the experimental technique is given elsewhere [Henry, Kon 
& Watson, 1937]. Each animal received each of the diets 
in turn. The diets were fed mixed with 14 times their 
weight of water. 


ve Sy 


eta = 


or 








943 
L by 


‘otal | 


jion 


— 


cl H@®OwWOeK ORK! 1 1 tw! RE WwWwhee 


on 


| rod | 


1 


lage! | | 


) days 
ainless 
and of 
y, Kon 
e diets 
; their 


Te LLL 


swat 


ow 


A 


Vol. 37 


Table 3. Composition and analysis of 
experimental diets 


R.A.F. diet no. ... E Il iit IV 
R.A.F. diet (%) 547 49-9 47-8 465 
Margarine fat (%) 16 11 1-6 3-2 
Potato starch (% 10-0 10-0 10-0 10-0 
CaHPO,.2H,0 (%) 15 1-5 1-5 15 
Rice starch (%) 322 375 391 388 
Nitrogen (%) 1-329 1-313 1-308 1-297 
Moisture (%) 10-96 10-62 10-46 10-83 
RESULTS 


The results of the rat tests are shown in Tables 
4 and 5. All four diets have a high biological value 
and a high degree of digestibility. The differences 
between them are not large, the extremes for bio- 
logical value being 77-6 for diet III and 81-2 for 
diet IV, and for true digestibility 85-1 and 88-5 for 
diets I and IV respectively. Statistical analysis 
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(Table 6) of the results by the paired t-test method 
[‘Student’, 1908; 1925] shows that the biological 
values of the proteins of diets II and IV are signi- 
ficantly superior to those of diet ITI but that other 
differences can be accounted for by errors of 
sampling. With one exception the order of ascend- 
ing biological values is the same as that of ascending 
true digestibilities. When the two values are multi- 
plied one by the other, one of the steps in calcula- 
tion of the ‘protein value’ of a food [Mitchell, 1927; 
Mitchell & Hamilton, 1929], and the resultant 
figures are submitted to statistical analysis, diet IV 
again proves better than diet III but the other 
differences are without significance. When the ‘ pro- 
tein values’ of the four diets are calculated on the 
dry basis the following values are obtained: diet I, 
9-5; diet II, 11-1; diet IIT, 11-1; and diet IV, 12-2. 
Here again diet IV proves best as it is highest in 
biological value, true digestibility and nitrogen 


Table 4. Individual nitrogen metabolism data 


Biological 
R.A.F. Wt. of rat, g. Bio- True value x true 
Rat diet ————————. Diet intake Nintake Faecal N Urinary N logical digesti- digesti- 
no. tested Initial Final g. mg. mg. mg. value bility bility 
Low egg-nitrogen diet 
1 — 62 73 49-33 —_ 90-6 98-0 —- — ae 
3 — 70 72 43-08 -—— 109-5 87-1 — —_ —< 
3 — 66 71 41-65 — 92-3 95-0 —_ — a 
4 — 69 76 50-62 — 109-6 88-4 —_ — — 
5 — 63 66 39-37 — 96-2 81-6 — — ma 
6 — 62 68 49-64 -— 107-6 87-3 — —_ oe 
7 -—— 58 65 45-84 —_ 91-1 75-4 —— — — 
8 — 59 66 47-50 - 103-0 80-8 — — — 
9 — 60 67 48-74 — 100-3 61-2 — — a 
10 — 58 62 43-35 ose 98-3 68-3 — — mg 
ll - 55 61 44-13 — 94-1 68-6 — — aii 
12 — 55 63 48-38 — 100-0 68-6 —- — — 
First experimental period 
1 I 74 89 56-98 7573 215-5 266-4 76-9 87-3 67-1 
2 II 75 90 57-00 748-5 241-9 234-2 79-2 87-0 69-0 
3 Il 71 84 49-00 640-4 185-7 228-1 77-1 88-4 68-2 
4 IV 81 94 57-45 745-1 204-1 222-3 82-1 90-0 73-9 
5 I 70 77 39-98 531-5 170-7 196-0 76-8 86-6 66-4 
6 II 70 83 53-93 708-1 219-8 212-6 81-2 86-5 70-2 
7 Ill 70 82 54-49 712-5 220-1 225-8 78-1 84-7 65-4 
8 IV 71 85 56-42 732-0 211-0 225-3 79-9 88-3 70-6 
9 I 72 88 56-97 757-1 210-5 233-1 76-4 89-3 68-2 
10 II 67 84 57-00 748-5 204-0 197-5 82-5 90-2 74-4 
ll Ill 69 85 57-47 751-5 195-5 227-6 79-1 91-6 72-5 
12 IV 72 89 57-46 745°3 202-7 203-3 82-6 89-8 74-2 
Second experimental period 
1 IV 102 123 76-45 991-6 273-0 298-8 83-4 90-7 75-6 
2 I 104 124 73-49 976-8 291-2 281-2 83-0 89-3 74-1 
3 II 97 114 65-94 866-0 257-7 282-5 78-9 88-1 69-5 
4 Til 107 119 67-42 881-6 293-6 323-2 73-6 84-6 62-3 
5 IV 85 102 59-87 776-5 232-2 221-6 83-7 89-5 74-9 
6 I 95 110 71-96 777-5 285-6 252-5 80-4 69-7 56-0 
7 It 95 110 66-47 873-0 240-4 246-0 84-6 88-4 74-8 
8 Ill 95 108 65-95 862-3 271-2 301-1 75-5 85-9 64-8 
9 IV 102 122 75-99 985-6 273-0 237-9 84-5 91-6 77-3 
10 I 98 116 75-39 1002-0 318-1 245-6 83-1 85-6 71-2 
ll II 99 116 72-97 958-0 323-0 248-8 82-7 85-1 70-4 
12 Ill 101 118 76-00 993-9 288-6 285-3 79-9 88-9 71-1 
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R.A.F. 
diet 
tested 


Ill 
IV 
I 
Il 
Il 
IV 
I 
Il 
Ill 
IV 
I 
II 


Il 
Ii 
IV 

I 

Il 
Ii 
LY. 

I 

II 
Ill 
IV 

I 


Wt. of rat, g. 


OOF 
Tnitial Final 
134 152 
135 155 
125 143 
130 148 
112 132 
122 146 
120 128 
129 136 
131 153 
127 150 
125 150 
127 151 
163 173 
164 179 
150 164 
156 169 
137 152 
153 161 
132 138 
141 147 
168 187 
162 183 
163 180 
162 178 
170 164 
173 172 
161 167 
169 170 
146 140 
157 153 
133 142 
143 149 
178 170 
182 179 
183 181 
181 182 


Diet intake N intake 
g. mg. mg. 
Third experimental period 
87-48 1144-0 347-8 
85-49 1109-0 332-9 
78-47 1043-0 341-6 
76-46 1004-0 285-9 
68-60 897-0 282-5 
83-49 1083-0 297-0 
60-16 799-7 248-4 
73-48 965-0 309-2 
86-99 1137-0 356-1 
86-99 1128-0 350-8 
85-00 1130-0 336-6 
87-50 1149-0 357-2 
Fourth experimental period 
86-40 1135-0 439-5 
93-87 1225-0 437-7 
84-51 1096-0 378-1 
83-32 1107-0 375-9 
76-49 1005-0 319-4 
82-74 1082-0 367-9 
60-43 783-8 253-7 
72-38 762-0 355-7 
94-82 1245-0 435-1 
97-45 1274-0 479-0 
96-00 1245-0 456-7 
97-47 1297-0 419-9 
Low egg-nitrogen diet 
46-86 —- 148-0 
56°77 = 144-3 
68-42 — 171-2 
60-92 —- 160-2 
36-29 — 96-4 
49-44 —- 139-5 
59-85 --- 135-0 
60-76 — 147-9 
52°35 —- 164-9 
58-92 — 140-6 
64-44 — 193-1 
70-87 — 195-9 


Faecal N- Urinary N 


mg. 


405-3 
344-2 
284-6 
293-2 
259-5 
308-4 
280-2 
235-8 
308-9 
297-4 
283-5 
292-9 


403-1 
457-5 
396-8 
390-2 
343-1 
409-7 
318-8 
379-6 
352-3 
363-2 
346-0 
372-3 


189-3 
181-6 
132-5 
164-2 
143-3 
145-2 
175-3 
145-7 
128-8 
147-1 
131-9 
129-1 
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Bio- 


logical 
value 


78-1 
81-7 
83-6 
83-9 
84-2 
83-9 
81-6 
77-2 
81-2 
81-6 
84-5 
83-2 


78-6 
73-6 
72:8 
76-1 
78-4 
73-4 
77-5 
70-8 
80-4 
Th] 
80-6 
79-1 
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Table 5. Mean data for biological values and true digestibilities of the diets studied 


R.A.F. diet 


no. 


Il 
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IV 
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Period II Period III Period IV 
Biological value 
82-2 83-2 75-3 
82-1 81-4 79-1 
76-3 81-2 74-7 
83-9 82-4 77-0 
True digestibility 
81-5 86-8 84-5 
87-2 87-9 86-3 
86-5 89-1 83-5 
90-6 89-6 84-6 
Biological value x true digestibility 
67-1 72-3 63-7 
71-6 71-6 68-3 
66-1 72-2 62-3 
75-9 73-8 65-1 


Mean 


79-4 
80-9 
77-6 
81-2 


+1-18 
+0-71 
+0-95 
+0-95 


+1-58 
+0-57 
+0-91 
+0-80 


+1-74 
+0-94 
+1:34 
+1-41 
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Biological 
True value x true 
digesti-  digesti- 

bility bility 
89-6 69-9 
89-6 73-2 
85-3 71:3 
90-1 75-6 
88-1 74-2 
92-3 77-5 
85-0 69-4 
85-6 66-1 
89-5 72-6 
86-8 70-8 
90-1 76-1 
87-9 73-1 
83-3 65-4 
83-6 61-5 
84-4 61-4 
85-1 64-8 
88-1 69-1 
86-6 63-5 
84-5 65-5 
80-8 57-2 
87-5 70:3 
80-4 61-9 
84-9 68-4 
87-5 69-2 


Standard error 
of mean 
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Table 6. Statistical analysis of the data in Table 5 
Difference tested Diet I-II Diet I-III Diet I-IV =~ Diet II-III = Diet II-IV__— Diet: I1J-IV 
Biological value 
Numerical difference -15 +18 . -1-8 +33 —0°3 -3-6 
Standard error of mean +1-11 +1-58 +1-77 +1-23 +1-18 +1-23 
P* 1:5 b<4 1:3 1:47 hes 1:72 
Not sig. Not sig. Not sig. Significant Not sig. Significant 
True digestibility 
Numerical difference —2-2 -1-7 -3-4 +0°5 -1-2 -1-7 
Standard error of mean +1-66 +1-65 +1-97 +1-34 +1-06 +1-16 
Wd ee 1:3 1:9 ee 1:3 1:6 
Not sig Not sig. Not sig. Not sig. Not sig. Not sig. 
Biological value x true digestibility 
Numerical difference -3-1 +0°3 -43 +3-4 -1-2 -46 
Standard error of mean +1-75 +1-94 +2-64 +1-85 +1-81 +1-85 
P* 1:10 2 1:8 a23t 1:2 1:33 
Not sig. Not sig. Not sig. Not sig. Not sig. Significant 


* P=probability that 2 mean difference at least as great as the observed mean difference would have arisen by random 


sampling from a homogeneous population. 


content. Diet I takes last place, while the 
superiority in biological value of diet II over 
diet III is compensated for by the higher nitrogen 
content of ITI. 

DISCUSSION 


It is of interest to compare the data for the com- 
plete R.A.F. diets with the values reported in the 
literature for separate proteins, or for their com- 
binations. Our results were obtained with young 
growing animals and therefore the combined re- 
quirements for growth and maintenance were 
measured. The work of Mitchell [1924] has shown 
that with growing rats the size of the animal has 
little effect on the estimate of the biological value 
of a protein. There are, however, indications 
{[Sumner, 1938; French & Mattill, 1935; also un- 
published work from one of our laboratories] that 
with adult rats the results are different from those 
with rats in the vigorous period of growth. Also, as 
the biological value of a protein varies according 
to the level of intake, only corresponding levels 
should be compared. The biological values of the 
R.A.F. diet proteins are high. Of single foodstuffs 
they are surpassed only by eggs and milk and nearly 
equalled by liver and kidney.* Of the proteins of 
vegetable products none can be said to attain these 
values. There must have been much supplementa- 
tion of the poorer proteins by the better. 
Relatively few estimations of combinations of 
foodstuffs have been published, and hardly any of 
them deal with complete mixed diets. Most come 
from India and China. Adolph & Cheng [1935] 
reported a very high biological value, 83 at a 10% 
level, for a mixture of maize, millet and soya bean, 
but Lan [1936] obtained a lower value, 73, for the 
same mixture. He quotes a value of 77, however, 


* du Toit & Smuts [1941] have very recently reported 
a biological value of 94 for white fishmeal. 
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for a combination of soya bean and wheat gluten. 
Swaminathan [1938], using adult rats, investigated 
various mixtures of vegetable origin and obtained 
the highest values, 84 and 81 respectively, for com- 
binations of red and green gram, Cajanus indicus, 
Phaseolus radiatus with ragi, Eleusine coracana. 
A mixed vegetarian diet of rice, red gram, black 
gram, amaranth leaves, brinjal and coconut yielded 
in his hands [Swaminathan, 1937] at a 10% level 
of intake, figures for biological value and true 
digestibility of 82 and 92 respectively. The supple- 
mentary relationship between animal and vegetable 
proteins is well known [Mitchell, 1924; Mitchell & 
Carman, 1926], and the value of an addition of milk 
has been confirmed by Swaminathan [1938]. He 
thus attained values as high as 84-94 for combina- 
tions of approximately 10 parts of ragi with 2 parts 
of various pulses and | part of dry skim milk, and 
values from 77 to 90 for similar combinations of 
rice, pulse and milk. There is no doubt that bio- 
logical values as high and even higher than those 
now reported can be obtained for predominantly 
vegetarian diets. However, the ‘protein value’ of 
such diets works out at a much lower figure than 
those for the R.A.F. diets. Thus Swaminathan’s 
[1937] diet, which is very similar to the ‘Poor 
Madrassi’ diet of Aykroyd & Krishnan [1937], con- 
tained only 10-5 % crude protein as against nearly 
double this figure for the R.A.F. diets. Its ‘protein 
value’ is therefore 6-6—about half that of the best 
R.A.F. diet. 


SUMMARY 


1. A method is described whereby the total food 
served at meals may be converted into a homo- 
geneous and stable product, suitable for analyses 
to determine its nutritive value. 

2. The biological values of the mixed proteins 
contained in the food served at four R.A.F. Stations 
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were 79:4, 80-9, 77-6 and 81-2 respectively. The 
mixture of proteins in all diets had, therefore, a 
high biological value which must have been due to 
supplementation amongst the proteins. Not much 
more than 40% of the total proteins in the diets 
were of animal origin. 

3. The true digestibility coefficients of the four 
diets were 84-5, 86-3, 83-5 and 84-6 respectively. 
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Studies on the Acetone-Butanol Fermentation 


4, ACETOACETIC ACID DECARBOXYLASE OF CL. ACETOBUTYLICUM (BY) 


By R. DAVIES, From the Biochemical Laboratory, Cambridge 


(Received 7 December 1942) 


Although the enzyme systems responsible for the 
fermentation of pyruvic acid and of glucose by 
Cl. acetobutylicum are so unstable as a whole that, 
in the absence of the substrate, their activity cannot 
be preserved in cell suspensions for more than a few 
hours [Davies, 1942], one enzyme has been found 
to be extremely stable; this is acetoacetic acid de- 
carboxylase, the enzyme responsible for the decar- 
boxylation of acetoacetic acid to acetone. The 
quantitative nature of the reaction, its optimum 
pH, and the effect of the age of the cells on their 
decarboxylase activity, have already been de- 
scribed; also the insensitivity of the enzyme to O,, 
its ability to withstand acetone, and the fact that 
it can be extracted cell-free from the acetone powder 
[Davies, 1942]. In this paper the purification and 
properties of the isolated enzyme will be described. 
The parallel isolation of the lysine decarboxylase of 
Escherichia coli will be published later [Gale & Epps, 
1943]. 


METHODS 


Preparation of acetoacetic acid. 13 g. of redistilled 
ethyl acetoacetate were dissolved in 100ml. N 
NaOH and kept at room temperature for 40 hr. 


The ice-cooled solution was acidified with H,SO, 
(25 ml. of 20% by vol.); the acetoacetic acid was 
twice extracted with 150 ml. ether and the ether 
evaporated at room temperature. From the residue 
neutralized with N NaOH the unchanged ester was 
removed by extraction with ether; finally the ether 
was evaporated in vacuo. After standardization by 
measuring the CO, evolved when a portion was 
incubated with acetone-treated cells of Cl. aceto- 
butylicum in Warburg manometers, the concentra- 
tion was adjusted to M/2. 

Preparation of acetone-treated cells. 51. flasks con- 
taining 441. of 2% glucose-liver medium [Davies 
& Stephenson, 1941] were sown with 80 ml. of a 
vigorously fermenting culture of Cl. acetobutylicum 
(BY) on 5% maize-meal mash, and were then incu- 
bated at 37° until the Rothera acetone test was 
intense (about 40 hr.). The culture was then strained 
through muslin and the cells collected in a Sharples 
super-centrifuge. They were washed once on the 
ordinary centrifuge with about 400ml. distilled 
water and suspended in 50-100 ml. distilled water. 
This suspension was blown rapidly from a pipette 
into 10 vol. of vigorously stirred acetone; after a 
few minutes the precipitate was collected on a 
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Buchner funnel, washed with acetone and with 
ether, and sucked dry. 


Conditions for the determination 
of enzyme activity 


The optimum substrate concentration, and the 
optimum pH for decarboxylation, were determined 
for both fresh and acetone-treated cells. Qoo, for 
the decarboxylation was measured by Warburg 
manometers. 

Effect of substrate concentration. It is seen (Fig. 1) 
that the affinity of the enzyme for its substrate is 
fairly low, and is slightly lower for fresh cells than 


2500 


Acetone powder 











0 M/100 M/50 M/25 
Acetoacetic acid 


M/15 


Fig. 1. Effect of substrate concentration on the rate of 
decarboxylation by fresh and acetone-treated cells. 
Warburg manometers contained 0-3 ml. 2M acetate 
buffer pH 4-5 (for fresh cells) or pH 5-0 (for acetone- 
treated cells), sufficient M/2 acetoacetic acid to give 
concentrations of M/15 to M/1000, and in the side bulb 
0-1 ml. cell suspension; total vol. 3-0 ml.; temp. 37-5°; 
gas phase air. 


for acetone-treated cells, which require M/20 aceto- 
acetic acid to saturate the enzyme, the half-speed 
concentration being 0-007 .M. 

Effect of pH’. This is shown in Fig. 2; curves 
1 and 2 were obtained with two different suspen- 
sions of fresh cells and the optimum pH differs 
considerably for the two. The optimum pH for 
certain amino-acid decarboxylases of other micro- 
organisms also varies similarly [Gale, personal com- 
munication]. The optimum pH for the decarboxyla- 
tion by acetone-treated cells is seen to be 5-0. 

Estimation of the activity of the enzyme prepara- 
tions. Conditions of optimum activity were used, 
the pH being 5-0 and the final acetoacetic acid con- 
centration « M/20. Decarboxylation was measured 
in Warburg manometers containing in a total 
volume of 3-0 ml., 0-3 ml. 2M acetate buffer of 
pH 5-0 and 0-5 ml. M/2 acetoacetic acid; the gas 
space contained air and the temperature was 37-5°. 


ACETONE-BUTANOL FERMENTATION. IV 


231 


The rate of CO, evolution has been correlated with 
the C content of the enzyme preparations, deter- 
mined by the method of Van Slyke & Folch [1940], 
and the activities are expressed as pl. CO,/hr. x 
mg. C, called Qfo,. One enzyme unit (E.v.) has 


3000 





3-0 3°5 4:0 4:5 5:0 55 6:0 6°5 
pH 

Fig. 2. Effect of pH on the rate of decarboxylation by 
fresh and acetone-treated cells. Warburg manometers 
contained 0-3 ml. 2M acetate buffer of the desired pH, 
0-5 ml. M/2 Na acetoacetate, and in the side bulb 0-1 ml. 
cell suspension (for fresh cells 4-4 mg. dry wt. cells/ml.; 
for acetone-treated cells 5 mg. acetone powder/ml.); 
total vol. 3-0 ml.; temp. 37-5°; gas phase air. 


been defined as the amount which will liberate 
100 ul. CO, in 5 min. at 37-5° under the optimum 
conditions. 

Extraction of the enzyme 


Distilled water at 37° was the most satisfactory 
extractant. The pH was not critical but at pH 4-0 
extraction became very poor (Table 1). Prolonged 


Table 1. Hzatraction of the enzyme 


5 mg. of acetone-treated cells were incubated for 4 hr. at 37° 
with 5 ml. of the following: (a) distilled water, (b) 0-9% NaCl, 
(ce) M/100 acetate pH 4-0, (d) M/100 acetate pH 5-0, (e) M/100 
acetate pH 6-0, (f) M/75 phosphate pH 7-0, (g) M/100 borate 
pH 8-0, (hk) M/100 borate pH 9-0. The suspensions were then 
centrifuged and a suitable portion of the supernatant tested for 
decarboxylase activity. 


Buffer at pH 
Extracting 94% —————_—*— 
agent Water NaCl 40 5-0 6:0 7:0 80 9-0 
% initial activity ex- 52 41 6 51 50 38 29 25 


tracted in 4 hr. at 37° 


incubation results in bacterial contamination of the 
acetone powder suspension, hence a few drops of 
capryl alcohol were added to one half the suspen- 
sion to check this; it will be seen that whereas in 
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24 hr. 95% of the enzyme was extracted in the 


presence of capryl alcohol, 140% was extracted in 
its absence (Fig. 3). This extra enzyme could hardly 


initial activity extracted 


o/ 
/0 


6 8&8 1 12 14 16 18 20 22 24 


Hr. 


Fig. 3. Rate of extraction of enzyme from acetone powder 
at 37°. 25 mg. acetone-treated cells were suspended in 
5 ml. water and incubated at 37°; to a similar suspension 
was added one drop of capryl alcohol, with shaking, and 
this also was incubated at 37°. Samples were withdrawn at 
intervals for the determination of decarboxylase activity 
in the extract. 


oS 2's 


have resulted from bacterial growth, and it is prob- 
able that it was present all the time but that its 
activity was somehow masked. Fig. 4 shows the 
variation of the total and of the extractable activity 
with the temperature of incubation. Heating the 
suspension to 70° for 30 min. almost doubled the 


200 
180 


160 


initial activity 


Oo 


o/ 


0 10 20 30 40 50 60 70 80 
Temperature 


Fig. 4. Variation of total and extractable activity with 
temperature ofincubation. Suspensions containing 60 mg. 
acetone powder in 2 ml. water were incubated at various 
temperatures for 30 min. and the decarboxylase activity 
of the extract was then determined. 


total activity of the suspension, although at no 
temperature is more than about half the total 
activity extractable. This increase in activity cannot 
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be due to production of new enzyme but must be 
due to freeing of enzyme previously masked. Prob- 
ably the enzyme is present in the cell in two frac- 
tions, one of which is easily extracted and the other 
fixed to insoluble constituents of the cell from which 
it can be liberated only with difficulty. 

At 70° (Fig. 5), as at 37°, much activity is ex- 
tracted very rapidly; for 1 hr. thereafter the rate 
of extraction falls, and later destruction of the 


140 
120 
100 
80 
60 
40 


initial activity extracted 


/O 


o/ 


Hr. 


Fig. 5. Rate of extraction of enzyme at 70°. A suspension 
of 120 mg. of acetone powder in 4 ml. water was incu- 
bated at 70° and samples were withdrawn at intervals 
for the determination of decarboxylase activity in the 
extract. 


enzyme sets in. The stability at 70° varies with 
different acetone powders. Thus one powder lost 
69 % of its activity after 1 hr. at 70°. The ease of 
extractability of the enzyme also varies (Table 2) 
for unknown reasons. 


Table 2. Variation in extractability 
of the enzyme 


The various acetone powders were incubated at 37° in aqueous 
suspension at a concentration of 5 mg./ml. for the times shown 
in the table. After incubation the suspensions were centrifuged 
and the decarboxylating activity of a suitable aliquot of the 
supernatant determined. 
Acetone powder preparation 
A B Cc D+ E*: F 


In 
4 22 24 24 


284 22 76 


Incubation aS 
time (hr.) ... 1 1 4 1 
Initial activity 62 13 52 43 80 
extracted (%) 

Initial Qco, 136 2300 2230 1065 1030 1210 


* These suspensions contained capry] alcohol. 


The amount of enzyme extracted is independent 
of the concentration of the acetone powder sus- 
pension within the range 1-30 mg./ml. With high 
concentrations, however, the centrifuging of re- 
sidual insoluble material becomes difficult. A con- 
centration of 15 mg. acetone powder/ml. seems to 
be the most suitable. 
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Purification of the enzyme 


Adsorption on to alumina Cy. The first step in the 
purification was adsorption on to alumina Cy. Of 
the other adsorbing agents tried, kaolin adsorbed 
well at pH 4-0, and to some extent (30%), at 
pH 5-0, but not at reactions alkaline to this; Ca 
phosphate adsorbed 84% of the enzyme at pH 7-2 
while kieselguhr adsorbed 78 % at pH 4-0. Alumina 
Cy suspension (13-17 mg. alumina/ml.) possesses 
several advantages; at pH 5-0 and 6-0, it adsorbs 
70-80 % of the enzyme,. but at pH 7-0 and above 
less than 6%. For adsorption, the extract was 
therefore brought to pH 5-0 by the addition of 
#5 vol. of 2M acetate buffer. An extract derived 
from an acetone powder suspension of 5 mg./ml. 
requires 7g vol. alumina suspension, but with 
stronger extracts more alumina is required, 0-3 vol. 
being sufficient up to 30 mg./ml. 

Adsorption is very rapid though not instan- 
taneous; 60 % is adsorbed in less than 1 min., 89% 
in 5 min. and 93% in 10 min. The rate of elution of 
the enzyme is very similar. 10 min. was allowed 
for both processes. 

Elution of the enzyme. The alumina was suspended 
in M/5 phosphate buffer at pH 7-0 and after 10 min. 
was centrifuged. For maximum elution the volume 
of eluent should be at least double the volume of 
alumina suspension used in the adsorption of the 
enzynie. 

Precipitation by ammonium sulphate. Solid 
(NH,),SO, was now added to the clear yellow eluate 
to give 80 % saturation. The solid was used to keep 
the volume low: 75 g./100 ml. of solvent represents 
saturation, and other figures are based propor- 
tionally. The precipitate was separated by centri- 
fuging and redissolved in a volume of distilled 
water equal to about 25% of that of the eluate. 
Fractional precipitation with (NH,),SO, failed to 
separate out the enzyme consistently in any one 
fraction probably owing to variations in protein 
impurities. Accordingly it was decided to remove 
more of the inactive protein before attempting 
fractional precipitation with (NH,),SO,. 

Removal of inactive protein. The addition of 35 vol. 
of 2M acetate buffer at pH 4-0 to the solution of 
the fraction precipitated by 80% sat. (NH,),SO, 


- was found to precipitate much of the inactive 


material; subsequent addition with rapid mixing 
of } vol. of ethanol to the same solution precipitated 
a further quantity. More ethanol (} vol.), however, 
inactivates the enzyme. 

The enzyme could be recovered from the alcoholic 
solution by adsorption on to alumina Cy and elution 
with M/5 phosphate buffer of pH 7-0, using 0-3 vol. 
of alumina suspension and a volume of phosphate 
equal to the volume of the preparation before 
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ethanol treatment. For the adsorption with alumina 
the pH remained at 4-0. 

Fractional precipitation with ammonium sulphate. 
After the above treatment it was found that most 
of the enzyme was consistently precipitated in the 
50-60 % sat. (NH,).SO, fraction, and that this was 
also the purest fraction. 

It should be pointed out that the degree of purifi- 
cation obtained in each stage varies considerably 
from one preparation to another but at the last 
stage the activity is never less than Qo, = 200,000. 

To carry purification further much time and 
starting material would be needed. From 6 to 9g. 
of acetone-treated cells, which is the entire crop 
from 18 1. of medium, the total amount of protein 
in the enzyme preparation when an activity of 
300,000 is reached, is of the order of 2-5 mg., of 
which 0-5—1-0 mg. is required for a reliable estima- 
tion of the C content. A few further treatments 
were, however, tried with variable results. Heating 
the preparation to 55° or even to 65° did not remove 
any inactive material; a second adsorption of the 
enzyme on to alumina Cy and elution with M/5 
phosphate did not increase activity; concentration 
of the final preparation, and repetition of the 
ethanol precipitation at pH 4-0, resulted, in one 
case, in division of the enzyme between the ethanol 
precipitate and the solution when the precipitate 
had a slightly increased activity, but in another 
case most of the activity was lost. 

Difficulties in centrifuging the enzyme precipitates. 
Satisfactory sedimentation of the enzyme at high 
concentrations of (NH,),SO, (60% and above) pre- 
sented difficulty. This was especially marked with 
the more highly purified preparations, and when a 
Qo, of 200,000-300,000 is reached the precipitate 
formed on 60% saturation with (NH,),SO, cannot 
be separated on the centrifuge at 3500 r.p.m. Such 
precipitates have to be filtered off through a G4 
glass filter, a very slow process. The addition of a 
drop of capryl alcohol, followed by the thorough 
removal of dissolved air by evacuation, improves 
the sedimentation of the precipitates in the earlier 
stages of the purification, but fails in the final stage. 

The final purification procedure. The details of 
one typical experiment on the purification of the 
enzyme are set out below: 

(1) 52g. of acetone-treated cells (E.U.=4260; 
Qo, = 2810) were suspended in about 11. of dis- 
tilled water and incubated at 37° for 4 hr. The 
suspension was centrifuged and 1030 ml. of a cloudy 
yellow extract were obtained (g.u.= 1725; Qo, = 
1180). 

(2) To the extract were added 35 vol. of 2M 
acetate buffer of pH 5-0 and {5 vol. of alumina Cy 
suspension (16-7 mg. alumina/ml.). After 10 min. 
the alumina was spun off and suspended in 203 ml. 
M/5 phosphate buffer of pH 7-0. After another 
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10 min. this was centrifuged and 203 ml. of a clear 
yellow solution obtained (E.v.= 900; Q Go, = 7040). 

(3) To the eluate were added 120 g. (NH,).SO, 
giving 80% saturation; the centrifuged precipitate 
gave a yellow solution in 37-5 ml. distilled water 
(E.0.=710; Qo, = 45,000). 

(4) To this solution were added #5 vol. 2M 
acetate buffer at pH 4-0 and then } vol. ethanol, 
with vigorous shaking. After a few minutes the 
precipitate was spun off and 11 ml. of alumina Cy 
suspension (strength as above) were added to the 
centrifugate; after 10 min. the alumina was spun 
off and the enzyme eluted for 10 min. with 37-5 ml. 
M/5 phosphate buffer at pH 7-0. A clear, slightly 
yellow solution was obtained (E.U.=539; Q&o,= 
85,000). ; 

(5) To this eluate were added 13-6 g. (NH,).SO, 
giving 50% saturation; the precipitate was spun 
off and discarded. The centrifugate contained the 
enzyme (E.U.= 440; Q Go, = 172,000). 

(6) To the centrifugate 2-73 g. (NH,).SO, were 
added giving 60% saturation. The precipitate was 
filtered off and dissolved in 5-2 ml. distilled water ; 
the solution contained 181 units of Q >, = 330,000. 


This was the final preparation (Table 3). The most 


Table 3. Purification of the enzyme 


Enzyme 
Treatment units Qco, 
(1) Original acetone powder 4260 2,810 
(2) Aqueous extract 1725 1,180 
(3) Adsorption on to alumina and elution 900 7,040 
with M/5 phosphate pH 7-0 
(4) Precipitation by 80% saturation 710 45,000 
with (NH,),SO, 
(5) Precipitation by } vol. ethanol at 539 85,000 
pH 4-0 followed by adsorption on to 
alumina and elution with phosphate 
(6) Precipitation by (NH,).SO, between 181 330,000 


the limits 50-60% saturation 


active preparation so far obtained had an activity 
of 404,000 (but see below on the dissociation of the 
enzyme). 


Properties of the purified enzyme 


Strong solutions of the purest enzyme yet ob- 
tained are very slightly yellow, perhaps owing to 
impurities, since yellow pigments are eliminated at 
almost every stage of the purification. The ultra- 
violet absorption spectrum determined in the 
Spekker spectrophotometer shows a typical protein 
absorption curve having a maximum at 275mp 
and log I,/I of 2-8 at this wave-length for a solution 
containing 0-533 mg. C/ml, (about 1 mg. protein). 
All the following experiments were carried out with 
the enzyme preparation of Q€o, = 404,000. 
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(1) Reaction velocity : effect of pH. This was deter- 
mined in M/5 acetate buffer. The optimum pH is 
seen to lie at 4-9-5-0 (Fig. 6). 
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pl. CO,/5 min. 
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Fig. 6. Effect of pH on the rate of decarboxylation by the 
purified enzyme. Manometers contained 0-5 ml. enzyme 
solution, 0-3 ml. 2M acetate buffer of the required pH, 
0-5 ml. M/2 Na acetoacetate; total vol. 3-0 ml.; temp. 
37-5°. 


(2) Effect of substrate concentration. Fig. 7 shows 
that the affinity of the enzyme for its substrate is 
fairly low, a concentration of 0-05M acetoacetic 
acid being required to saturate the enzyme, the 
half-speed concentration being 0-008 M. 
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Fig. 7. Effect of substrate concentration on the rate of 
decarboxylation by the purified enzyme. Manometers 
contained 0-5 ml. enzyme solution, 0-3 ml. 2M acetate 
buffer pH 5-0, M/2 Na acetoacetate to give the required 
concentration; total vol. 3-0 ml.; temp. 37-5°. 


(3) Effect of temperature. The temperature coeffi- 
cient increases slightly with rise in temperature 
(Fig. 8). For the range 20-30° the Q4).= 1-82 and 
for 30—40° the Q 1).= 2-16. 

Fig. 9 shows the effect of 5 min. exposure to 
various temperatures, the activity being determined 
at 37-5°. Little destruction occurs up to 70°; above 
70° the enzyme is rapidly inactivated, being almost 
completely destroyed in 5 min. at 85°. Inactivation 
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at 60° occurs at a fairly steady rate (Fig. 10). There 
was no detectable loss in activity of an aqueous 
solution that had been stored for 5 weeks in the 
ice-chest at 4°. 


565 Do RH 2 & D 


Temperature 


Fig. 8. Effect of temperature on the rate of decarboxyla- 
tion by the purified enzyme. Manometers contained 
0-5 ml. enzyme solution, 0-3 ml. 2M acetate buffer pH 
5-0, 0-5 ml. M/2 Na acetoacetate; total vol. 3-0 ml.; 
temp. as indicated. 
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Fig. 9. Effect of temperature on the stability of the 
enzyme. 1 ml. enzyme preparation was heated for 5 min. 
at the temperatures shown in the figure; 0-5 ml. was then 
used for the determination of activity under the optimum 
conditions. 


(4) Effect of inhibitors. The effects of well-known 
enzyme inhibitors are given in Table 4. Unlike yeast 
carboxylase [Green, Herbert & Subrahmanyan, 
1941] the enzyme is comparatively insensitive to 
Cu, though very sensitive to Ag and Hg; KCN is a 


ACETONE-BUTANOL FERMENTATION. IV 


235 


fairly powerful inhibitor of it and NaN, inhibits it 
in high concentrations. «-Keto-acids inhibit it to 
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Fig. 10. Effect of time on the activity of the enzyme incu- 
bated at 60°. 4 ml. of the enzyme preparation were 
incubated at 60° and samples (0-5 ml.) were withdrawn 
at intervals for determination of decarboxylase activity. 


varying degrees and outstanding in this class is 
acetopyruvic acid which causes 65% inhibition at 
a concentration of M x 10-*. The structural rela- 
tionships between this substance and acetoacetic 


Table 4. Effect of inhibitors on 
decarboxylase activity 


Cone. Inhibition 
Inhibitor M % 
Heavy metals: 
FeCl, 10-2 45 
CuSO, 2x 10-2 41 
AgNO, 10-5 90 
HgCl, 10-5 100 
General: 
Capryl alcohol Satd. sol. 0 
Na,S 10-1 0 
Urethane 10-1 16 
Toluene Satd. sol. 47 
NaN, 10-2 53 
Todoacetic acid 10-2 63 
KCN 10-4 2 
Competitive: 
Acetone 1 10 
Methyl ethyl ketone 1 17 
Acetone dicarboxylic acid 5x 10-? 22 
Pyruvic acid 5 x 10-? 64 
a-Ketoglutaric acid 5x10"? 70 
Ethyl acetoacetate 10-1 72 
Malonic acid 10-1 ‘76 
Oxaloacetic acid 10-2 44 
10-6 65 


Acetopyruvic acid 
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acid suggest that the inhibition is of a competitive 
kind, acetopyruvic acid being the most closely re- 
lated and also the most powerfully inhibitory. The 
marked inhibition of acetoacetic acid decarboxylase 
by low concentrations of acetopyruvic acid disposes 
entirely of the theory that this substance is an 
intermediate in the formation of acetone. 

(5) Specificity of the enzyme. Table 5 shows that 
the enzyme is specific for the decarboxylation of 
acetoacetic acid within the range of substances 
tested. 

Table 5. Specificity of the enzyme 


co, 
pl./5 min. 


Cone. 
Substrate M 


Acetoacetic acid 0-08 
Ethyl acetoacetate 0-1 

Pyruvic acid 0-05 
Acetopyruvic acid 0-05 
Oxaloacetic acid 0-01 
a-Ketoglutaric acid 0-05 
Acetone dicarboxylic acid 0-05 


All the determinations were made in M/5 acetate pH 5-0. 


(6) Effect of enzyme concentration. Fig. 11 
(curve 1) shows that the reaction velocity increases 
more rapidly with increasing enzyme concentration 
than would be expected on the basis of a linear 


0-2 0-4 0-6 0-8 © 


ml. enzyme preparation 


Fig. 11. Effect of enzyme concentration on the rate of de- 
carboxylation. (1) without yeast extract, (2) in presence 
of yeast extract. Manometers contained 0-3 ml. 2M 
acetate buffer pH 5-0, 0-5 ml. M/2 Na acetoacetate, 
0-5 ml. of a boiling-water extract of dried brewer’s yeast 
in one series, and enzyme solution as shown in the figure; 
total vol. 3-0 ml.; temp. 37-5°. 


relationship. This suggests that at low concentra- 
tions the enzyme may dissociate into a specific 
protein and a coenzyme, only the undissociated 
enzyme being catalytically active. That this is the 
case is shown by curve 2 where the reaction velocity 
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has been determined in the presence of a boiling- 
water extract of dried brewer’s yeast; here the 
relationship between enzyme concentration and 
reaction velocity is linear. Presumably the extract 
contained the coenzyme in sufficient concentration 
to counteract the dissociation of the enzyme. 

The concentration of enzyme in the region where 
dissociation is greatest is only about 0-7 ug./ml. and 
it is in fact only because of the high activity of the 
enzyme that the dissociation can be observed. As- 
suming that the enzyme is pure it can be calculated 
from the curves of Fig. 11 that the dissociation 
constant for the enzyme is very approximately 
1-55 x 10-8 mol./l. This may be compared with the 
value of 2-5 x 10-7 mol./l. for d-amino-acid oxidase 
[Warburg & Christian, 1938a]. 


Attempts to separate enzyme into 
protein and coenzyme 


The dissociation of the enzyme in low concentra- 
tions should make it possible to separate the protein 
from the coenzyme by dialysis; all attempts so far, 
however, have been unsuccessful ; dialysis for 24 hr. 
at 37° of 30 ml. of a solution containing about 1 yg. 
enzyme/ml. against 41. of M/5 acetate buffer at 
pH 5-0 effected no change in the activity of the 
enzyme, these conditions being precisely those 
under which dissociation is observed in the mano- 
meter. 

Precipitation with ammoniacal (NH,),SO,, which 
reversibly dissociates yeast carboxylase [Green 
et al. 1941] does not so dissociate acetoacetic acid 
decarboxylase. At room temperature, at 45° for 
5 min., at 55° for 5 min. and at 0° for 20—40 hr., 
there is a varying loss of activity, but in no case 
can the activity be restored by adding a boiled 
suspension of acetone powder or of dried yeast. The 
same is true after precipitation by (NH,),SO, in 
acid solution by the method of Warburg & Christian 
[19386] as described by Weil-Malherbe [1939], 
while increase in the final acid concentration up to 
M/22 HCl results in a 50% loss of activity which 
also cannot be restored. Adjustment of the enzyme 
solution to pH 2 or pH 3 followed by precipitation 
with 10 vol. acetone results in complete loss of 
activity. Finally, 2 ml. of enzyme solution were 
dialysed for 22 hr. at 17° against 800ml. of a 
solution containing 9 parts 70% sat. (NH,),SO, 
solution and 1 part conc. NH, solution, and this 
was followed by dialysis for 1 hr. against running 
tap water. The enzyme was then found to have lost 
76 % of its activity, which loss could not be restored 
by adding boiled cells. It must be assumed in view 
of these failures to restore the activity of the enzyme 
that all the above procedures have not caused 
the enzyme to dissociate but have merely in- 
activated it. 
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The nature of the coenzyme 


Despite the failure to split the enzyme reversibly 
into a coenzyme and a specific protein, some in- 
formation as to the identity of the coenzyme has 
been obtained by studying the reversal of the disso- 
ciation that occurs at low enzyme concentrations. 
As has been shown, yeast extract and an extract of 
acetone-treated cells can counteract the dissocia- 
tion, hence the ability of other substances to replace 
the extracts was investigated. The compounds 
tested were cocarboxylase, thiamin monophosphate, 
thiamin, muscle adenylic acid, cozymase (60—70 % 
pure), an old preparation of diaphorase containing 
a considerable proportion as free flavin and, finally, 
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riboflavin had already been shown to be inactive 
with fair certainty. There remained the first three 
possibilities. Table 7 shows the effect of boiling, 
and of hydrolysis in acid and alkali, on the activity 
of the diaphorase preparation. It is seen that boiling 
and acid hydrolysis do not alter the activity, but 
that hydrolysis with alkali causes some inactivation. 
The first result shows that diaphorase itself cannot 
be the coenzyme, while the result of acid hydrolysis 
rules out riboflavin adenine dinucleotide since, under 
the conditions used, this substance would be hydro- 
lysed into adenylic acid and riboflavin phosphate 
[Abraham, 1939]. Riboflavin phosphate, however, 
is not split under these conditions [Kiihn & Rudy, 
1936]. Unfortunately it has been impossible to 


Table 6. Inhibition of dissociation by various substances 


The manometers contained 0-3 ml. 2M acetate buffer pH 5-0, 0-5 ml. M/2 acetoacetic acid, 0-1 ml. enzyme solution containing 
about 0-7 ug. protein; the total vol. was 3-0 ml. Temp. 37-5°. The diaphorase preparation contained total flavin equivalent to about 


20 yg. lactoflavin/ml. 


Substance tested 
=. -_____---_—- _ YI EO Oo OOO 
1% ex- 
tract of Thiamin 
10% acetone- Co- mono- Muscle 
yeast treated carbo- phos- adenylic Co- Lactoflavin Diaphorase prep. 
: extract cells xylase hate Thiamin acid zymase OO 
Nil OSml. OSml. 50yg. pg. 100pg. 100ug. 100ug. Glug. G6yg. 0-1 ml. 0-01 ml. 0-001 ml. 
pl. CO,/5 min. 18 54 53 21 15 22 23 43 38 19 51 48 30 


riboflavin. The results (Table 6) show that adenylic 
acid and the thiamin derivatives are totally in- 
active, while cozymase and riboflavin exhibit sub- 
maximal activity; the diaphorase preparation on 
the other hand is maximally active at a concentra- 
tion of 0-0033 ml./ml. (about 0-07 ug. riboflavin/ml.). 
It is probable that the activity of riboflavin and of 
the cozymase preparation is due to an impurity, 
since even large amounts of these substances do not 
show maximum activity. 

The active diaphorase preparation was originally 
about 90% pure. There were therefore five possi- 
bilities, that the active substance was (a) diaphorase 
itself, (b) the prosthetic group of diaphorase, ribo- 
flavin adenine dinucleotide, (c) riboflavin phos- 
phate, (d) riboflavin, and (e) an impurity in the 
diaphorase preparation. In view of the small 
amount of the diaphorase preparation required for 
maximum activity the last possibility did not seem 
likely, although it has not yet been excluded, while 


Table 7. Effect of boiling and of hydrolysis by acid and 
alkali on the activity of the diaphorase preparation 
The manometers contained the equivalent of 0-1 ml. of 


the diaphorase preparation; the other contents were as 
described in Table 6. 


Heated 
at 96° ~ Boiled 
Heated for for 
at 100° 60min. 4min. Control, 
Treatment of for in N/20 in N/10 no dia- 
diaphorase... None 5min. HCl NaOH _ pbhorase 


pl.CO,/5 min. 52 50 46 36 18 


complete these experiments at the present time, 
but it seems possible that riboflavin phosphate is 
actually the coenzyme; the effect of hydrolysis 
with alkali is evidence in support of this idea. 


SUMMARY 


1. The purification and properties of acetoacetic 
acid decarboxylase of Cl. acetobutylicum have been 
described. 

2. The purified enzyme is quite stable at ordinary 
temperatures; it is optimally active at pH 5-0 and 
is specific for acetoacetic acid. 

3. In dilute solution the enzyme is dissociated 
but it has not been possible to separate the com- 
ponent parts. 

4. The dissociation can be prevented by a pre- 
paration of diaphorase at a concentration equi- 
valent to 0-07 yg. riboflavin/ml. Riboflavin is in- 
active. Mild acid hydrolysis (N/20 HCl for 60 min. 
at 96°) does not affect this activity of the dia- 
phorase preparation. 

5. Itis tentatively suggested that riboflavin phos- 
phate may be the prosthetic group of the enzyme. 
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The Influence of Dietary Fat of Varying Unsaturation 
on the Component Acids of Cow Milk Fats 


By T. P. HILDITCH, Department of Industrial Chemistry, University of Liverpool, AND 
H. JASPERSON, Research Department, Messrs J. Bibby and Sons, Litd., Liverpool 


(Received 12 December 1942) 


In feeding trials in which the basal ration of a group 
of dairy cows was supplemented by 1 lb./day of 
various fatty oils, Brown, Dustman & Weakley 
[1941] observed that the iodine value (i.v.) of the 
milk fat was altered in different ways by different 
fats, a feeding period of about 3 weeks being neces- 
sary before the extent of the change in i.v. reached 
its maximum. Coconut oil caused a slight reduction 
of 4 or 5 units in the i.v. of the milk fat, both crude 
and refined soya bean oil (i.v. ca. 127) increased it 
greatly (by over 50%), and hydrogenated soya bean 
oil (i.v. 17) increased it slightly (by about 5 or 
6 units), as well as having a pronounced laxative 
action on the cows. These authors ascribed the 
slight increase in the unsaturation caused by feeding 
the hydrogenated oil to desaturation of the fat in 
the ration, an assumption for which there seems to 
be no evidence. 

Similar alterations in the unsaturation of cow 
milk fats (as indicated by their i.v.’s alone), which 
result from administration of specific fats in the 
diet, have been published. Thus, Holland & Buckley 
[1918; 1923] who fed cows on a basal ration, and 
on the basal ration supplemented by ? lb. daily of 
coconut, groundnut, maize or soya bean oils, ob- 
served a slight fall in i.v. with the coconut oil diet, 
but marked increases (35-45%) with the three 
liquid fats. Again, Hill & Palmer [1938] found that 
the inclusion of maize, cottonseed or linseed oils in 
the diet increased the i.v.’s, and slightly diminished 
the Reichert-Meissl values of the corresponding milk 
fats; tallow slightly increased the milk fat i.v., 
while butter slightly decreased it, and coconut oil 
decreased it by 4 or 5 units. Such observations 
clearly only measure changes in the mean unsatura- 
tion of the milk fats, and do not indicate which of 


the component acids has significantly altered in 
amount. Thus, whilst oleic acid is the chief un- 
saturated acid, at least six others may be present 
in small proportions in cow milk fat, together with 
nine saturated acids (of which palmitic acid is the 
chief, though there are appreciable amounts of 
butyric, myristic and stearic acids). For a clear 
picture of milk-fat component acids a detailed 
analysis of the proportions of each acid is necessary. 
Few detailed examinations have been made of 
the effect of supplementary fats in the cow’s diet. 
Hilditch & Sleightholme [1930] examined milk fats 
from cows receiving coconut cake or soya bean cake 
in addition to their normal winter ration; the daily 
ration of cake (7 Ib. coconut, 5 Ib. soya bean) could 
not have contained more (and possibly much less) 
than 6-7 oz. of fatty oil. The milk fat from cows 
receiving coconut cake contained less oleic and 
more lauric and myristic acids than normal, whilst 
that from animals receiving soya bean cake had | 
somewhat less oleic but the normal amount of 
octadecadienoic acid, and was otherwise similar to 
the control milk fats. Hilditch & Thompson [1936] 
observed similar effects when 4 oz. of linseed, rape 
or cod-liver oil were added to the daily basal ration 
of cows. With linseed or rape oils, the component 
acids differed little, but the proportion of palmitic 
acid was reduced and that of oleic somewhat in- 
creased; with linseed oil, no linolenic acid was 
present, but the proportion (5-9% by wt.) of octa- 
decadienoic acids was higher than usual (ca. 3%); 
whilst with rape oil the octadecadienoic acids were 
normal (3-3%) but there was a similar amount of 
erucic acid. With cod-liver oil the results were more 
striking: the milk fat here contained an unusually 
large amount (5°8%) of highly unsaturated acids 
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of the Cy and C,, series, its content of oleic acid 
was much higher, and the typical lower saturated 
acids of cow milk fat (notably butyric and hexanoic) 
were reduced by half. On the hypothesis that milk 
fat is produced in the mammary gland from blood 
glycerides by conversion of some of the oleo- 
glycerides to butyro- and other glycerides by an 
oxidation-reduction system, the results observed 
with cod-liver oil might be due to partial suppres- 
sion of the normal metabolic processes whereby the 
mammary gland converts blood glycerides into milk 
glycerides, owing to absorption of some of the highly 
unsaturated fish oil glycerides. 

Smith & Dastur [1938] showed that a similar 
reduction in the amounts of lower saturated acids 
(from butyric to myristic) and in tetra- and hexa- 
decenoic acids, with a large increase in the propor- 
tion of oleic acid, occurred in milk fat from cows 
maintained at a very low dietary level, the effect 
of fasting being apparently to upset the normal 
metabolic processes of milk fat production. 

A series of experiments somewhat similar to those 
of Brown et al. [1941] was, therefore, made in order 
to review the effect of supplementing a basal diet 
with fats at different levels of unsaturation, and, 
also, to ascertain whether desaturation of saturated 
ingested fats occurs as postulated by these workers. 
Hence, groups of cows were fed on a basal ration 
either alone or supplemented by refined groundnut 
oil (i.v. 88), hydrogenated groundnut oil (i.v. 45 
and i.v. 17), or palm-kernel oil (i.v. 17). Thus the 
fatty oil supplements were (1) a natural fatty oil 
rich in oleic and linoleic acids (about 55 and 20% 
of the total fatty acids respectively), (2) a hydro- 
genated oil of a similar degree of mean unsaturation 
to that of a soft butterfat, (3) a much more satu- 
rated hydrogenated groundnut oil; and, for com- 
parison with the latter, (4) a natural vegetable fat 
(palm-kernel oil) of the same mean unsaturation 
but entirely different fatty oil composition, con- 
sistency and melting-point. 


METHODS 


The 15 Ayrshire heifers used had calved in Dee. 
1941 and Jan. 1942 and belonged to Messrs J. Bibby 
and Sons, Ltd., Home Farm, Puddington, Wirral, 
where the experimental feeding, milk collection, 
and butter-making were carried out in February 
and March of 1942 under the supervision of Mr 
A. H. Blissett. The cows, which were at approxi- 
mately the same stage of lactation, were divided 
into five groups of three, and were fed as follows: 

Group I. Basal diet: 21 lb. medium hay, 14 Ib. 
swedes, 6 lb. oats and 2 lb. groundnut meal per 
day. 

Group II. Basal diet plus 8 oz. refined groundnut 
oil (i.v. 88) daily. 
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Group III. Basal diet plus 8 oz. hydrogenated 
groundnut oil (i.v. 45) daily. 

Group IV. Basal diet plus 8 oz. hydrogenated 
groundnut oil (i.v. 17) daily. 

Group V. Basal diet plus 8 oz. refined palm- 
kernel oil (i.v. 17) daily. 

Only half the fat ration used by Brown e¢ al. 
[1941] was given in order if possible to avoid undue 
laxative action. Very slight laxative action was 
observed only in group IV; the other groups were 
normal throughout the experimental period of 
about 35 days. During the first 3 days the oil 
supplements were increased gradually till the full 
daily ration of 80z. was being given. The i.v.’s of the 
milk fats were observed at intervals of a few days: 
during the first 2-3 weeks the values were variable 
but thereafter became more constant and, after the 
34th day, 2 days’ supply of milk was collected and 
converted into butter for detailed analysis. There 
was no significant alteration in the milk yields, nor 
in the proportions of fat and non-fat solids in the 
milk, in any of the groups during the period of the 
experiment. The general analytical characteristics 
of the milk fats from these butters are given in 
Table 1. 


Table 1. General analytical characteristics 
of milk fats 


Group ... I Il Il IV Vv 


G.N.O. H.G.N.O. H.G.N.O. P.K.O. 


Fat supplement 
Control (i.v. 88) (i.v. 45) (i.v.17) (iv. 17) 


Iodine value 39-2 43-8 43-3 38-8 38-0 

Reichert-Meissl 30-0 23-4 23-6 28-2 25-0 
value 

Polenske value 15 0-9 1-0 15 1-6 

Kirschner value 23-5 19-4 19-0 23-1 21-6 

Sap. equiv. 248-0 258-8 259-8 251-7 250-5 


Alterations in milk fat:i.v. following the inclusion 
of the fatty supplements in the diet were less marked 
than in some of the earlier investigations, including 
those of Brown et al. [1941]. This may be partly 
due to the smaller amount of fat given, which was 
only half of that used by Brown e¢ al., but is prob- 
ably due to the fact that the i.v. of the milk fat of 
cows fed on the basal diet alone was much higher 
than in these other studies. Nevertheless, the i.v.’s 
of milk fats from cows receiving either refined 
groundnut oil or hydrogenated groundnut oil (i.v. 
45) were definitely higher than that of the control, 
while the i.v. of milk fat from cows receiving palm- 
kernel oil was slightly lower than that of the control. 
There was no significant difference between the i.v. 
of the milk fat of cows which had received the 
hydrogenated groundnut oil (i-v. 17) and that of 
the control. 

The component acids in the five milk fats were 
determined by separation and ester-fractionation 
as described by Hilditch & Jasperson [1941], the 
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fatty acids from 400 g. of each specimen being used 


for analysis (Table 2). 


The percentages (wt. and mol.) of the component 
acids of the five milk fats are arranged for com- 


parison in Table 3 (p. 241). 


Table 2. Component acids of cow milk fats 


Non-steam- 
volatile 
Steam- ————_*~—_,, 
volatile ‘Solid’ ‘Liquid’ 
acids acids acids Total 


Group I. Cows fed on basal diet only 
% of total fat... (7-2) (42-4) (50-4) 
Butyric 3-94 
Hexanoic 2-27 
Octanoic 
Decanoic 
Lauric 
Myristic 
Palmitic 
Stearic 
As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Coo_o2 
Unsaponifiable 


_ 


3-94 
2-27 
0-82 
1-94 
2-19 
9-32 
25-39 
11-76 
0-83 
0-19 
0-21 
0-92 
2-28 
34-20 
2-13 
1-38 
0-23 
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Group II. Cows fed on basal diet +8 oz. of 
groundnut oil (i.v. 88) daily 
(5-3) (42-4) (52-3) 
2-93 — 
1-49 
0-38 
0-37 


% of total fat ... 
Butyric 
Hexanoic 
Octanoic 
Decanoic 

Lauric 

Myristic 
Palmitic 

Stearic 

As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Cop_ 2. 
Unsaponifiable 


0-08 
0-98 
1-63 
4-37 
2-47 
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0-06 
Group III. Cows fed on basal diet +8 oz. of hydrogenated 
groundnut oil (i.v. 45) daily 

(53) (43-9) (50-8) 

2-72 


1-54 


°% of total fat ... 


Butyric 
Hexanoic 
Octanoic 
Decanoic 
Lauric 
Myristic 
Palmitic 
Stearic 

As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Cy5_»2 
Unsaponifiable 
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Table 2 (cont.) 


Non-steam- 
volatile 
Steam- co 
volatile ‘Solid’ ‘Liquid’ % 
acids acids acids Total wt. 
Group IV. Cows fed on basal diet +8 oz. of hydrogenated 
groundnut oil (i.v. 17) daily 


(6-9) (43-7) (49-4) 
60 


/0. 
mol. 


% of total fat ... 
Butyric 3: 
Hexanoic 2. 
Octanoic 
Decanoic 

Lauric 

Mpyristic 
Palmitic 

Stearic 

As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Coo_92 _ 
Unsaponifiable 0-02 


Group V. Cows fed on basal diet +8 oz. of 
palm-kernel oil (i.v. 17) daily 

(6-1) (42-2) (51-7) 

3-19 
1-67 
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% of total fat ... 
Butyric 
Hexanoic 
Octanoic 
Decanoic 
Lauric 

Myristic 
Palmitic 

Stearic 

As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Coo_9 
Unsaponifiable 


3-19 
1-67 
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DISCUSSION 


The mean unsaturation of the five milk fats, as 
indicated by their i.v.’s (Table 1), shows parallelism, 
but not quantitative agreement, with their contents 
of oleic acid as determined in the ester-fractionation 
analyses. Similarly, the almost identical Reichert- 
Meissl and Kirschner values of milk fats I and IV, 
and also of milk fats II and ITI, are reflected in the 
contents of the lower saturated acids in these two 
pairs of milk fats as revealed by the detailed 
analyses. The data (Table 3) show that ingestion 
of groundnut oil, a fat richer in oleic glycerides than 
milk fat, is followed by a significant increase in 
oleic acid in the milk fat (group II), a slight fall in 
palmitic and a large fall in butyric-decanoic acids. 
On the other hand, though groundnut oil contains 
about 20% linoleic acid, the content of octade- 
cadienoic acid is not appreciably altered; nor have 
the arachidic, behenic or lignoceric acids (about 
6 % of the groundnut oil), passed into the milk fat. 
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Table 3. Component acids of the five milk fats 


Group ose I II Iil IV ¥ 


Dietary fat G.N.O. H.G.N.O. H.G.N.O. P.K.O. 
supplement ... (i.v. 88) (i.v.45) (i.v.17) (iv. 17) 


Acid Weight percentages 


Butyric 2-7 
Hexanoic 
Octanoic 
Decanoic 

Lauric 

Myristic 
Palmitic 

Stearic 

As arachidic 
Decenoic 
Dodecenoic 
Tetradecenoic 
Hexadecenoic 
Oleic 
Octadecadienoic 
Unsatd. Coo_22 
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It has now been established [Graham, Jones & Kay, 
1936; Maynard, McCay, Ellis, Hodson & Davis, 
1938; Shaw & Petersen, 1938; Shaw, 1939] that 
milk glycerides are produced from glycerides in the 
blood which passes through the mammary gland; 
this complicates the interpretation of results, since 
the introduction of fatty acids, or modified fatty 
acids, from the ingested fats must be considered in 
terms of the mixed glycerides of the butter and 
not merely as individual fatty acids. 20-30% of 
groundnut oil probably consists of glycerides in 
which, however, linoleic, arachidic and higher acids 
are not present [Hilditch & Meara, 1942]; they 
are palmitodiolein, stearodiolein or triolein. The 
effect on the milk fat of feeding groundnut oil 
might be due to admixture of some or all of these 
glycerides with normal milk fat, and also to inter- 
ference with the mammary gland, whereby the pro- 
duction of the lower saturated glycerides normal 
to milk fat is restricted. 

In group III the supplementary fat was ground- 
nut oil which had been hydrogenated to give an 
iv. of 45-5, i.e. approximately that of butterfat. 
It contained, however, about 52% of oleic (and 
iso-oleic) acids and about 33 % of stearic acid; of the 
glycerides about 10% were completely saturated, 
65% were monosaturated dioleins (or iso-oleins) 
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and 25% mono-oleo- (or iso-oleo-) disaturated gly- 
cerides. The effect on the milk fat of feeding this is 
broadly similar to that of groundnut oil itself, i.e. 
increase in oleic acid content, further diminution 
in palmitic acid and diminution in butyric-decanoic 
acids. The increase in the stearic acid content is 
consistent with the larger amount of this acid (as 
oleo-stearo-glycerides) in the hydrogenated oil. 

Both in group II and group III ingestion of fat 
containing more combined oleic (or iso-oleic) acid 
than normal butterfat increased the oleic acid con- 
tents of the resulting milk fats. The similarity in 
the content of oleic acid in milk fats IT and III 
may perhaps be due to the fact that the oleic 
(+iso-oleic) acid content of groundnut oil and 
hydrogenated groundnut oil (i.v. 45) are similar 
(52-56%). This selective absorption of oleic (as 
distinct from linoleic) acid by the mammary gland 
may explain why [Cranfield, 1916] cows fed with 
groundnut cake give softer butters than those fed 
with cottonseed cake, although the i.v. of cotton- 
seed oil is higher than that of groundnut oil, 
the reason being that the unsaturated acids of 
groundnut oil consist of 55% oleic and 20-25 % of 
linoleic acid, whilst in those of cottonseed oil the 
proportion is almost reversed (about 30% of oleic 
and 45-50 % of linoleic acid). 

Palm-kernel oil which was fed to group V con- 
tains about 45% of combined laurie and 15-20% 
combined myristic acids, with smaller amounts of 
other saturated acids and a comparatively small 
amount of oleic acid (about 15%); of a complex 
mixture of mixed glycerides, dilauromyristin and 
laurodimyristin are the most prominent. The chief 
effects on the milk fat of feeding palm-kernel oil are 
a slight fall in oleic, butyric and palmitic acids, a 
threefold increase of lauric acid and a 20 % increase 
of myristic acid. This suggests that milk fat of the 
normal type preponderates but is modified by ad- 
mixture with a small amount of certain of the palm- 
kernel oil glycerides, mainly lauromyristins. Hil- 
ditch & Sleightholme [1930] observed a similar 
effect as the result of feeding cows with coconut 
cake. This is interesting chiefly because it shows 
that two fats of the same i.v. (palm-kernel oil and 
hydrogenated groundnut oil, i.v. 17) may lead to 
milk fats in which the detailed fatty acid compo- 
sitions reveal quite different mechanisms of pro- 
duction. 

The milk fats from cows of group IV, in which 
the hydrogenated groundnut oil of i.v. 17 supple- 
mented the basal diet, have a fatty acid composition 
which more closely resembles that of the control 
milk fat than any of the preceding groups; the oleic 
acid is slightly increased (as in the work of Brown 
et al. [1941], when twice our amount of the highly 
hydrogenated fat was fed); the palmitic acid and 
the lower saturated acids are almost unchanged 
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(within the range of experimental error), and there 
is a definite increase in stearic acid. We can explain 
this as follows. About 50% of the glycerides of hy- 
drogenated groundnut oil (i.v. 17) are completely 
saturated (tristearin, palmito-, arachido-, etc., di- 
stearins), the remaining 50% being mono-oleo- 
disaturated glycerides (oleodistearin, oleopalmito- 
stearin, oleostearoarachidin, etc.). The fully satu- 
rated triglycerides, M.p. 65—70° and above, will not 
occur in the liquid phase in the cow’s digestive tract 
unless held in solution by the mono-oleo-glycerides 
which are liquid at the body temperature of the 
cow. Arnschlick [1889] and Bloor [1914] showed 
that 90 % of tristearin, if fed to animals, is excreted 
unchanged, whilst Langworthy [1923] observed 
that assimilation of hydrogenated groundnut oils 
falls off rapidly when their melting-point exceeds 
50°. With our hydrogenated groundnut oil, M.P. 58°, 
the bulk of the completely saturated glycerides 
would therefore not pass into the blood stream, and 
what did do so would be mono-oleo-disaturated 
glycerides of which oleodistearin would be a main 
component. Any alteration in milk fat due to this 
fat supplement would therefore be smaller than 
those associated with the softer groundnut oils fed 
to groups II and III. Also, since the dioleo-gly- 
cerides (and triolein) of the softer groundnut oils 
are absent from the hydrogenated oil (i.v. 17), 
which contains instead mono-oleo- (and iso-oleo-) 
glycerides (rich in oleodistearin), the slight increases 
in oleic acid and stearic acid (see Table 3) in the 
milk fats of group IV are consistent with absorption 
from the blood of minor quantities of glycerides 
such as oleodistearin. 

Variation in the component acids of milk fats 
following ingestion of supplementary dietary fats 
of different degrees of unsaturation can be inter- 
preted by taking into consideration (i) the limits of 
assimilation of high melting (fully saturated) com- 
ponents, (ii) the proportions of dioleo- and of mono- 
oleo-glycerides in the supplementary fat, (iii) the 
relatively small conversion of linoleo-glycerides and 
certain other acylglycerides into cow milk fats, and 
(iv) the experimentally justified postulate that milk 
glycerides are derived from blood glycerides in the 
mammary gland. It is unnecessary to presuppose 
that a desaturation of stearic to oleic glycerides is 
responsible for these changes. 

The general trend of the present results is perhaps 
still more clearly discerned from the molar per- 
centages of component acids included in Table 3. 
In the control fat I the molar content of palmitic 
acid is 23-4 % and of oleic acid 28-6%. Groundnut 
oil (fed to group IT) contains palmito-diolein which 
has 66-7 % (mol.) of oleic acid among its component 
acids, and in the milk fat of group IT the oleic acid 
has increased by 6-6% (mol.) as compared with 
group I though there is no significant alteration in 
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the molar content of palmitic acid. The hydro- 
genated groundnut oil of i.v. 45, used in group III, 
consists of about 65% of dioleo-glycerides (with 
66-7 % (mol.) oleic acid) and about 25% of mono- 
oleo- (and iso-oleo-) glycerides (with 33-3 % (mol.) 
oleic acid); the dioleo-glycerides include stearo- as 
well as palmito-diolein, and possibly some oleo- 
distearin as well as oleopalmitostearin, owing to 
hydrogenation. The milk fat of group III shows, 
correspondingly, a smaller increase than group II 
in oleic acid (5-8% mol.) as compared with the 
control, while the molar content of palmitic acid is 
decreased by 2:4% (mol.) and that of stearic acid 
is increased by 4:7% (mol.). The unsaturated 
glycerides in the more completely hydrogenated 
groundnut oil (i.v. 17) used in group IV are wholly 
of the mono-oleo- (or iso-oleo-) type and there is a 
correspondingly smaller increase (1-4 % mol.) in the 
milk-fat oleic acid as compared with the control, 
and a similar slight increase (1-9% mol.) in that of 
stearic acid. Finally, in group V, with palm-kernel 
oil, the predominating lauromyristins of the dietary 
fat have been transferred to some extent to the 
milk fat, leading to a slight reduction in the oleic 
acid and a definite reduction (2-8% mol.) in the 
palmitic acid content. 


SUMMARY 


1. Cows have been fed on a basal diet and on a 
basal diet supplemented by (a) groundnut oil, 
(6) groundnut oil hydrogenated to about the same 
i.v. as a soft butterfat, (c) groundnut oil hydro- 
genated to i.v. 17, and (d) palm-kernel oil, also of 
iv. 17. The milk fats from the five groups have 
been analysed by ester-fractionation and the pro- 
portions of their component acids determined. 

2. Ingestion of groundnut oil and of hydro- 
genated groundnut oil of i.v. 45, both of which 
contained considerably more oleic acid than the 
control milk fat, led to increased amounts of oleo- 
glycerides in the resultant milk fats and some 
diminution of the butyric-decanoic glycerides. In 
the case of the hydrogenated groundnut oil there 
was also an increase in the stearo-glycerides. In- 
gestion of palm-kernel oil increased the proportions 
of lauro- and myristo-glycerides, and slightly dim- 
inished both the palmito-glycerides and the oleo- 
glycerides of the resulting milk fat. 

3. Ingestion of the more completely hydro- 
genated groundnut oil of i.v. 17 gave a milk fat 
almost identical with the control milk fat except 
for slightly increased proportions of oleic and stearic 
acids. This is consistent with the likelihood that 
this fat, about 50% of which was completely 
saturated tristearin or acyldistearins melting at 
65—70° or above, would be relatively unassimilable, 
and that those glycerides which passed into the 
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blood stream would be exclusively mono-oleo- (or 
iso-oleo-) glycerides, amongst which oleo- (or iso- 
oleo-) distearin would be prominent. There is no 
evidence in this work that any desaturation of 
stearo-glycerides occurs during the transformation 
of hydrogenated groundnut oil to glycerides in the 
milk of the cow. 
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Sclerotiose—a Polysaccharide Metabolic Product of 
Penicillium Sclerotiorum van Beyma 


By V. J. ALBERICCI, T. P. CURTIN anp D. REILLY, From the National University of Ireland 
(University College, Cork) . 


(Received 22 December 1942) 


During work on the metabolism of Penicillium 
sclerotiorum, disappearance of the carbohydrate 
constituent of the acid Czapek-Dox and other media 
employed was observed [Curtin & Reilly, 1940; 
Reilly & Curtin, 1943]. This, it was suggested, was 
probably the most important factor in the metabolic 
process. Had the disappearance of the carbohydrate 
been accompanied by a rapid and permanent de- 
crease in the pH, the production of an acid in the 
substrate would have been indicated. It was in- 
variably found, however, in batches grown on a 
number of different media, that though a drop in 
pH occurred initially, the pH of the fully grown 
substrate reverted towards neutrality. That there 
was no connexion between these variations in pH 
and (a) the initial pH of the medium or (b) the 
production of sclerotiorine by the mould, was proved 
by the fact that similar series of pH readings were 
obtained when the mould was incubated (1) on acid 
Czapek-Dox medium (pH 4-2) with the production 
of sclerotiorine, and (2) on Raulin-Dierckx medium 
(pH 7-0) (when sclerotiorine is not produced). The 
filtered substrate of the mould after a full period 


of growth on acid Czapek-Dox medium contained 
no reducing carbohydrate. This, coupled with the 
fact that elimination of glucose caused no per- 
manent drop in the pH value, suggested production 
by the mould of an insoluble glucose complex. 

The mycelium was therefore extracted with 
boiling water and the flocculent precipitate which 
appeared on cooling was found to be a polyglucose, 
of specific rotation «j= +244 to +284, and for 
which we suggest the name ‘sclerotiose’. In pro- 
perties, it proved to be similar to other polysac- 
charides isolated from the lower fungi, being soluble 
only in hot water, giving no colour with iodine, and 
dissolving only to a slight extent in dilute NaOH, 
thus resembling mycodextran from P. expansum 
[Dox & Niedig, 1914], the polysaccharides from 
P. digitatum and Fumago vagens [Birkinshaw, 
Charles & Raistrick, 1931], and the polysaccharide 
from P. javanicum [Ward, Lockwood, May & 
Herrick, 1935] for which the specific rotations range 
from ap=+217 to +299. An examination has 
been made of sclerotiose and of some of its deri- 
vatives. 
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METHODS AND DISCUSSION 


Over a period of 24 days, 40 bottles, each containing 100 ml. 
of substrate, were inoculated and grown as described earlier 
[Reilly & Curtin, 1943]. At intervals of 3 days, three repre- 
sentative cultures were filtered, adjusted where necessary 
to a vol. of 300 ml., and examined by the polarimeter in 
a 20 cm. tube. These figures are given in Table 1. 


Table 1. Influence of growth of P. sclerotiorum 
on optical activity of acid Czapek-Dox medium 


Days of _ Polarimeter Days of — Polarimeter 
incubation reading incubation reading 
0 +5-7° 9 +0-4° 
3 +5-0° 12 +0-1° 
6 +1-3° 15-24 0-0° 


A batch of cultures of P. sclerotiorum grown on Raulin- - 


Dierckx medium was then grown for a similar period of 
24 days, and pH readings taken as above for three repre- 
sentative cultures every 3 days. The figures are given in 
Table 2. 


Table 2. Influence of growth of P. sclerotiorum 
on pH of Raulin-Dierckx medium 


Days of pu Days of pH 
incubation (colorimetric) incubation (colorimetric) 
0 7-0 mB 3-1 
3 5-4 18 3-6 
6 4-2 21 4:7 
9 2-4 24 5-1 

12 2-6 


This table shows that the gradual drop in pH, followed 
by a rise towards neutrality, is not determined by the 
initial pH of the medium used. 

For the isolation of sclerotiose, the bulk of the mycelium 
was grown for 24 days at 25° on the acid Czapek-Dox 
medium (glucose, 50 g.; KH,PO,, 1-0 g.; NaNO ;, 2-0g.; 
KCl, 0:5 g.; MgSO,.7H,0, 0-5 g.; FeSO,.7H,O, 0-01 g.; 
distilled water to 1000 ml.). It was also grown on certain 
modifications of this medium. 

The mycelium was repeatedly extracted with boiling 
water until, on cooling, there was no further separation of 
flocculent material. The red aqueous extract was allowed 
to stand overnight, the supernatant liquid was then de- 
canted and the precipitate separated by centrifuging. The 
red-tinted slimy product was washed by suspending in 
2000 ml. distilled water and filtering through a double 
filter, on which had been deposited a uniform layer of 
HCl-extracted, calcined kieselguhr. It was then removed 
from the filter by eluting with boiling distilled water. The 
coloured solution was treated with norit-charcoal at 100° 
for } hr., the operation being repeated two or three times. 
The charcoal was finally removed by filtering through a 
silica plate. Sclerotiose now separated from the cooled 
liquid in a pure white flocculent mass. It was redissolved 
in fresh distilled water, allowed to settle and redissolved in 
fresh solvent, the procedure being repeated 10 to 15 times. 
The filtered product was washed with absolute ethanol, 
allowed to stand overnight in contact with the latter, and 
then washed with absolute ether and dried in a high vacuum. 
The pure, white, amorphous compound turned brown on 
heating above 260°, fused at 290-300°, and gave no residue 
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mycelium. (Found: C, 40-4; H, 6-8; O, by difference, 
528%. (CgHo0;),-(H,O), requires C, 40-0; H, 6-7; 
O, 53:3%.) The molecule of water was removed by drying 
in vacuo over P,O; at 90° for 2 hr. (Found: C, 44-1; H, 
6-26%. (CgH0;), requires C, 44-4; H, 6-17%.) 

As already stated, the bulk of the mycelium extracted 
was grown on the acid Czapek-Dox medium. There were, 
however, some samples of mycelium, grown on modifica- 
tions of this substrate, in stock, and these were extracted 
in the same way. On neutral Czapek-Dox medium (in 
which K,HPO, replaces KH,PO,) the yield of polysac- 
charide was 10-1 % of the extracted mycelium weight, and 
on the same medium, but with KBr replacing KCl, the 
yield was 10:0%. On acid Czapek-Dox medium, from 
which KCl was omitted, the quantity of sclerotiose was 
the same as when KCl was present, i.e. 29% of the 
mycelium weight. With the Raulin-Thom medium (glucose, 
50 g.; NH, tartrate, 4-0 g.; K,CO,, 0-6 g.; (NH,),HPO,, 
0-6 g.; (NH,),SO,, 0-25 g.; MgCO;, 0-4 g.; ZnSO,.7H,0, 
0-07 g.; FeSO,. 7H,O, 0-07 g.; distilled water to 1500 ml.), 
the mould yielded 2.4% polysaccharide. On the Raulin- 
Dierckx substrate (glucose, 46-6 g.; (NH,),SO,, 0-16 ¢.; 
K,CO;, 0-4g.; (NH,),-HPO,, 0-4g.; ZnSO,.7H,0, 
0-04 g.; FeSO,.7H,O, 0-04 g.; 66-7 ml. of a solution of 
0-71 g. tartaric acid and 0-4 g. MgCO, in 100 ml. distilled 
water, adjusting to 1000 ml.), the yield was negligible. 
The contrast between the acid and neutral Czapek-Dox 
media in the production of sclerotiose finds a parallel in the 
different rates of KCl metabolism described in the recent 
communication of Reilly & Curtin [1943]. 


Properties of sclerotiose 


Sclerotiose is insoluble in all organic solvents and 
in cold water, but dissolves readily in hot water. 
It is slightly soluble in warm dilute NaOH, and in 
formamide solution. The solution in water gives no 
coloration with iodine and does not reduce Fehling’s 
solution on boiling. It gives Molisch’s carbohydrate 
reaction but does not precipitate lead acetate from 
solution. A boiling solution of sclerotiose turns 
aniline-acetate-paper pink. With phloroglucinol, it 
gives a yellow coloration in the cold, which turns 
brown on boiling. The products of acid hydrolysis, 
after neutralization with NaOH, reduce both 
Fehling’s and Pavy’s solutions. On hydrolysing 
with dilute HCl, adding excess NaOH and heating, 
an aldose resin is formed. 

If the moist solid is dried without using ethanol 
and ether, a grey-black, horny mass is obtained 
which is insoluble in water, even on prolonged 
heating. On testing with Pavy’s solution, no hydro- 
lysis could be detected when sclerotiose was treated 
with dilute NaOH at 70°. 

The specific rotation was found to be [a]p = + 244 
at 70° in 6% NaOH and [«]y)= +284 at 90° in 
formamide. 

Hydrolysis of sclerotiose 


This polysaccharide was shown to be a poly- 
glucose as follows: Sclerotiose (1 g.) was refluxed 
with 25 ml. N H,SO, for 6 hr., 25 ml. N NaOH 
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were then added, together with 6 ml. phenylhydra- 
zine and 3 ml. glacial acetic acid. The mixture was 
heated on the water-bath for 30 min. and the 
osazone which separated out in yellow needles was 
filtered off and recrystallized. It melted at 206° 
when heated quickly, and when 0-2 g. was dissolved 
in 4ml. pyridine and 6 ml. ethanol, the rotation 
was 4)=+1-46. Neuburg [1899] states that for 
glucosazone under similar conditions «p= + 1-50. 

Further confirmation was obtained as follows: 
sclerotiose (0-5 g.) was refluxed for 6 hr. with 25 ml. 
water and 25 ml. N H,SO,. The liquid was then 
titrated, with phenolphthalein as an indicator, with 
24-7ml. N NaOH and the volume adjusted to 
100 ml. The glucose content was then estimated 
(1) polarimetrically, which gave 0-52 g.; (2) by the 
iodine method of Willstatter & Schudel [1918] as 
modified by Judd [1920], the result then being 
0-52 g. using the Baker & Houlton [1920] value of 
lg. glucose equivalent to 1-41 g. iodine; (3) by 
means of Fehling’s solution when the value was 
0-50 g. 

If we assume the first two results to be correct, 
the glucose produced from 0-5 g. of pure, dry, ash- 
free sclerotiose is 0-52 g., the calculated figure being 
0-55 g. 

Nitration of sclerotiose 


The method was that employed by Pictet & Reilly [1921] 
for the nitration of levulosan. Finely powdered poly- 
saccharide (1 part) was added gradually with vigorous 
stirring at room temperature, and without appreciable rise, 
to 50 parts of a mixture of 3 parts by weight H,SO, (sp. gr. 
1-84) and 1 part by weight HNO, (sp. gr. 1-42). The mixture 
was allowed to stand evernight. The compound did not 
dissolve during the esterification process and showed little 
physical change. The nitrate was boiled for a short time 
with slightly acid water to decompose any small amount of 
sulphate formed, and was then washed with distilled water 
and finally dried in vacuo over concentrated H,SO, when 
it gave a pure white solid, which became brown at 165° and 
decomposed at about 200°. (Found: C, 26-8; H, 3-1; 
N, 11-9; O, by difference, 57-38%. C.4H3,0,,(NO,), requires 
(, 27-2; H, 3; N, 11-9.) 

Properties of sclerotiose nitrate. This nitrate is insoluble 
in boiling water, dilute acid and ethanol; it is soluble in 
acetone, amyl and ethyl acetates, and in nitrobenzene and 
is sparingly soluble in diacetone alcohol. Like nit#ocellulose 
of the same percentage composition, it is completely soluble 
in a mixture of ether and ethanol. It is highly inflammable 
and gives no residue when ignited on copper foil. On slow 
evaporation of an acetone solution, the gelatinous product 
which separates first is followed by a slightly opaque cellu- 
loid-like modification. When slowly heated to the decom- 
position point, the nitrate liberates oxides of nitrogen. The 
specific rotation in acetone solution is [%]p = +119. 

An attempt to form a higher nitrate, by the use of fuming 
HNO,, resulted in the production of sclerotiose endecani- 
trate. As before, 1 g. of the polyglucose was added to a 
mixture of 25 ml. H,SO, (sp. gr. 1-84) and 15 ml. fuming 
HNO, (sp. gr. 1-50), the nitrate being isolated and purified 
as above. (Found: N, 13:2%. C,4H.0,(NO;),, requires 
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N, 13-5%.) It is similar in properties to the lower nitrate, 
but is sparingly soluble in a mixture of ethanol and ether. 
It decomposes at 132° with deflagration. 

Treating a molecular mixture of the two nitrates with 
reducing agents, such as (NH,),S and H,S, removes the 
nitrate groups. The regenerated sclerotiose so produced is 
not, however, absolutely pure, since it gives the diphenyl- 
amine test. 

Sclerotiose diformate 


0-9 g. of the pure, dry polysaccharide was added to 
90 ml. of formic acid and 10 ml. concentrated H,SO, with 
constant stirring. The polysaccharide quickly dissolved to 
give a slightly opaque brown solution without an appre- 
ciable rise in temperature. After standing overnight, the 
formate was precipitated by pouring into ice-water, was 
recrystallized from formic acid, and then dried in vacuo. 
This compound is soluble in pyridine and formic acid but 
insoluble in other organic solvents. It is also slightly soluble 
in thiocyanate solutions. The formic acid content was deter- 
mined by slowly treating 0-5 g. of the dry formate with 
75 ml. N K,Cr,0, and adding 20 ml. concentrated H,SO,, 
the mixture being kept cool. Further cooling discourages 
the evolution of CO,. The mixture was then left for 8 hr. 
on a boiling water-bath and the excess of K,Cr,0, titrated 
with N FeSO, solution. (Found: 39-7% formic acid. 
(H.COO),C,H,O, requires 42-2%.) 


Preparation of acetyl derivatives of sclerotiose 


The method used was that of Reilly, Hayes & Drumm 
[1931]. 2g. finely powdered polysaccharide were added to 
20 g. acetic anhydride and 2 drops of concentrated H,SO,. 
Most of the solid dissolved to give a brown solution with 
liberation of heat. The mixture was then heated nearly to 
the boiling-point when complete solution was effected. The 
crude acetate, precipitated on pouring the reaction mixture 
into ice-water, was washed free from acetic acid, dried and 
extracted with acetone. The insoluble fraction was dis- 
solved in chloroform. Both fractions were then shaken 
with norit charcoal and allowed to stand for 24 hr. 

Acetone-soluble acetate. The decolorized solution, filtered 
free from charcoal, was poured into ice-water, when the 
acetate separated as a fine white powder, which did not 
settle out on standing. It was gravity-filtered through a 
silica plate. When dry it was slightly coloured. Accordingly, 
it was redissolved in acetone, treated with charcoal, pre- 
cipitated and dried again. The pure white acetate so ob- 
tained was insoluble in water, ethyl and amyl alcohols, 
carbon tetrachloride and benzene, but was soluble in ace- 
tone, pyridine and glacial acetic acid. On analysis, it was 
found to contain 48-2% acetic acid; CsH,0,(CH,:COO), 
requires 48-8%. 

Chloroform-soluble acetate. The acetate was precipitated 
by pouring the faintly brown solution into ice-cold ether 
and the grey precipitate redissolved in CHCl, and then 
treated as above. On evaporating under reduced pressure 
microcrystals were obtained. These were further purified by 
dissolving in warm glacial acetic acid and precipitating with 
ice-water. The pure white crystalline acetate so obtained 
was soluble in chloroform, pyridine and glacial acetic acid 
but insoluble in water, acetone, ethanol, benzene and ether. 
It fused at 166—-172° to a gelatinous mass. The compound 
was found to contain 61:7% acetic acid; the compound 

C,H,0,(CH,.COO), requires 62:5%. 

It was thought that the brown colour of the reaction 
mixture previously mentioned might indicate contamina- 
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tion by degradation products. The preparation was there- 
fore repeated, using Barnett’s method [1921] in which 
sulphury] chloride is employed as a catalyst (thereby re- 
ducing degradation to a minimum) and was carried out 
according to the modification used by Irvine & Hirst [1922] 
for the preparation of cellulose tri-acetate. 2 g. sclerotiose 
were soaked in 10 ml. glacial acetic acid, through which a 
stream of dry sulphury] chloride had been passed for 30 sec. 
After setting aside for } hr., 122 ml. of acetic anhydride 
were added and SO, was then passed through the liquid for 
1 min. At-the end of 1 hr., during which the pasty mixture 
was vigorously stirred, the temperature was raised to 65° 
and maintained there until the polysaccharide had all dis- 
solved to give a clear, colourless, viscous solution. After 
cooling to 30°, an equal volume of CHCl, was added, 
followed by a large excess of water. The mixture was con- 
tinuously stirred and the CHCl, evaporated. During this 
process the acetate separated in the form of fine white 
granular particles, which were obtained as an aggregate of 
microcrystals on slow evaporation of the CHCl, solution. 
M.P. 165-168° (decomp.). (Found: C, 49-6; H, 5-8; O, by 
difference, 44-6%. The tri-acetate C,H,0,(OC.CH;,), re- 
quires C, 50-0; H, 5-5; O, 445%.) 

There was no appreciable loss of material by this method. 
The filtrate had no action on Fehling’s solution, and on 
evaporation to dryness gave a negligible residue; it was 
optically inactive. The specific rotation of sclerotiose tri- 
acetate, in CHCl, solution, was [a]p= +205-7, while the 
acetic acid content was 62-1% (calc. 62-5%). 
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Sclerotiose benzoute 
Benzoylation was carried out by a modification of the 
Schotten-Baumann reaction. The final product had a 
benzoic acid equivalent of 65-6%. It was therefore prob- 
ably the tri-benzoate, but contained some di-benzoate. 


SUMMARY 


1. Investigation of the rapid glucose consump- 
tion of P. sclerotiorum, on Czapek-Dox and Raulin- 
Thom media, led to the isolation of a polyglucose, 
somewhat similar to other polysaccharide metabolic 
products of the lower fungi. 

2. The influence of the culture medium and its 
pH were amply demonstrated by the varying yield 
of sclerotiose. As expected the neutral medium 
gave the greater proportion of polyglucose, the 
more acid substrates having a hydrolysing effect 
[Reilly & Curtin, 1943]. Of the derivatives pre- 
pared, the primary or tri-derivative was always 
present in preponderating amount. 


The authors wish to thank Prof. J. Reilly for his con- 
tinued help with this work. 

Part of the expense of this investigation was met bya 
grant from the Industrial Research Council, Eire, to one of 
us (D. R.). 
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The Excretion of a Metabolic Product of Salicylic Acid 


By CECILIA LUTWAK-MANN (Fellow of Newnham College, Cambridge), 
From the Biochemical Laboratory, Cambridge 


(Received 23 December 1942) 


The experiments described below are a continua- 
tion of the work by Lutwak-Mann [1942]. 


METHODS 


Alkali test in urine. It was shown previously that shortly 
after the injection of salicylate there appears in rat urine 
a substance, which on addition of fairly strong NaOH, and 
in the presence of air, causes the urine to turn brown to 
black. The following modifications of this test have now 
been worked out. When only very small amounts of urine 


are available 1-2 drops of it are added to about 4-6 ml. 
NaOH (M/50 or stronger). After a 30-60 sec. lag a pink 
colour develops which persists for varying lengths of time 
(2-5 min.), after which the solution turns yellow to brown. 
Excess of either urine or alkali prevents the appearance of 
the pink phase and only the final brown colour is seen. 
A still more reliable result is obtained by acidifying a few 
ml. of urine with 10%, HCl and shaking it with 3 vol. ether. 
The separated ether extract is then shaken with a few ml. 
dilute NaOH. The aqueous solution turns at once a bright 
pink colour which persists for a short while and then the 
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solution becomes brown. A very small trace of the alkali- 
sensitive substance excreted in urine after the administra- 
tion of salicylates can be detected in this manner. 

Isolation from urine of the substance responsible for the 
alkali test. Six large male rats (300 g.) were injected every 
second day with a mixture of 0-3 mg. Na-salicylate plus 
0-3 mg. Na-aspirin/g. wt. until the animals had received a 
total of 3-2 g. salicylates. The urine collected during this 
period (450 ml.) was acidified with HCl and extracted with 
ether repeatedly till a sample of the extracted urine failed 
to give a positive alkali test. The ether extract was washed 
with dilute NaHCO, til] the washings became colourless. 
The aqueous solution was divided into two, half of it was 
acidified and again extracted with ether (fraction A). The 
rest was adjusted to pH 6-8 and Pb acetate was added, 
avoiding excess. The Pb precipitate was discarded as it was 
found that the supernatant alone gave the alkali test. The 
Pb-containing fluid was left at room temperature for 2 days 
when it was found that the alkali-sensitive substance could 
no longer be extracted by ether though it could be extracted 
with ethyl acetate (fraction B). 

Fraction A contained a great deal of salicylic acid as well 
as the substance responsible for the NaOH test. It was 
noticed, however, at this stage, that when dilute FeCl, was 
added to a sample a distinct blue tinge developed though 
it was somewhat obscured by the purple colour charac- 
teristic of salicylic acid. When salicylic acid was removed 
by extraction with chloroform and benzene, a whitish 
powder (0-15 g.) was obtained from this fraction, which 
showed the following properties. It was acid in aqueous 
solution, and turned intensely blue with dilute FeCl,; on 
addition of NaOH it became pink and then slowly went 
brown, thus resembling the reactive substance in the urine. 
It reduced Fehling’s solution on heating, ammoniacal 
AgNO, in the cold, and phosphomolybdiec acid on pro- 
longed standing. It was fairly soluble in hot water, very 
soluble in ethanol and ether, but insoluble in chloroform, 
benzene and CS,. On recrystallization from water the 
M.P. 198° was obtained. The properties of the substance 
isolated which is responsible for the behaviour of salicylate 
urine towards NaOH, resemble those of 2:5-dihydroxy- 
benzoic or gentisic acid. Using a specimen of gentisic acid 
prepared by the method of Graebe & Martz [1905] which 
showed a M.P. 199°, a mixed m.P. of 198° was obtained; 
owing to the author’s having taken up war work it was 
not possible to carry out the full analysis of the product 
obtained from urine. The assumption, however, that this 
substance is gentisic acid is further strengthened both by 
the older findings of Angelico [1921], Baldoni [1908], and 
Neuberg [1911], as well as by the recent work of Kapp & 
Coburn [1942], who describe the isolation and identification 
of gentisie acid from human urine as one of the urinary 
metabolites of Na-salicylate. 

From the Pb-containing ethyl-acetate fraction B, after 
washing with water, a solution was obtained which gave a 
strong test with NaOH and reduced Fehling’s reagent, but 
which gave only a pinkish brown colour with FeCl,. When 
this fraction was concentrated on a water-bath and cooled 
in ice it turned into a transparent gel, which subsequently 
solidified into a white crystalline mass. After recrystalli- 
zation from dilute ethanol 0-48 g. of white crystalline 
needles was obtained. The behaviour of this substance 
towards NaOH and Fehling’s reagent, as well as its ex- 


‘tremely poor solubility in cold water, are analogous to those 


of the Pb salt of gentisic acid [Senhofer & Sarlay, 1882]. 
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For reasons mentioned above, however, its analysis could 
not be completed. 

An attempt was made to show the in vitro formation of 
gentisic acid from salicylate. The following samples were 
set up and incubated for 2 hr. at 38° in O, + CO, (95+5%): 
(a) 25g. liver slices (rat), (6) 18g. liver pulp, (c) lig. 
minced skeletal muscle, all of them containing M/50 sali- 
cylate, M/30 phosphate buffer of pH 7-3, and 0-3% bicar- 
bonate. From the acid-ether extracts of the muscle mince 
and the liver pulp a chloroform-insoluble fraction was 
obtained which, dissolved in ethanol, gave a distinctly blue 
colour with dilute FeCl,, and slightly darkened on addition 
of NaOH. No such definite result could be obtained in the 
extracts from the liver slices where substances may have 
been present which interfered with these tests. 

The substance isolated from urine, presumably gentisic 
acid, was examined and found to be stable in the presence 
of the enzymes of rat liver, kidney and muscle, as well as 
of baker’s yeast. It was not oxidized by cytochrome or 
catechol oxidase. Peroxidase slowly but steadily oxidized 
it in presence of H,O,. 

Substances which give the alkali test in urine. The 
following substances related to salicylic acid were 
administered to rats: acetylsalicylate (Na-aspirin), 
methylsalicylate (oil of wintergreen), phenylsali- 
cylate (salol), Na-sulphosalicylate. Their effect on 
the urine excretion was examined as described in 
previous work. All of them caused an increase in 
the reducing power of urine (as measured by titra- 
tion against 2:6-dichlorophenol indophenol) pre- 
sumably owing to an increased excretion of ascorbic 
acid, but the NaOH test was positive only after 
aspirin and methylsalicylate injections. The alkali 
test in urine after aspirin injection was always 
stronger than after a similar dose of salicylate. 
After the injection of methylsalicylate early urine 
samples (0-7 hr.) did not exhibit a positive alkali 
test as they did after salicylate or aspirin treatment ; 
the later samples, however (7—24 hr.), showed a 
strongly positive test. 

Substances which prevent the formation of gentisic _ 
acid from salicylates. Previous work has shown that 
large doses of ascorbic acid are without effect on 
the excretion in urine of the substance formed from 
salicylic acid which is responsible for the alkali test, 
though such doses completely abolished the excre- 
tion of homogentisic acid in tyrosine alkaptonuria. 
In this work the effect was studied of poisons such 
as white phosphorus (P), carbon tetrachloride (CCI) 
and phlorrhizin upon the excretion of gentisic acid 
after salicylate treatment. 

(a) White phosphorus. A group of 10 rats re- 
ceived 0-1 mg. white P in olive oil every 2 days for 
a fortnight. At the end of this period autopsy 
showed fatty infiltration of the liver; the titratable 
reducing power of the urine increased considerably, 
and all the rats excreted large amounts of urobilin. 
Some of them were then injected with salicylate, 
others with Na-aspirin (0-5 mg./g.). Urine analysis 
showed the following facts: that no NaOH test was 
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given, either soon after the injection or in later 
urine samples; that the titratable reducing power 
was still further increased, but that there was no 
rise in the pH of the early samples and no albu- 
minuria, though these were both previously found 
to be characteristic features of urine from salicylate- 
treated normal rats. 

The effect of acute P poisoning was also studied. 
The rats received only 2 doses of P (1-5 mg.) in the 
course of 3 days, after which they were given sali- 
cylate and aspirin by injection. Although there 
was no urobilinuria, and as yet no marked changes 
in the liver on autopsy, these rats failed entirely to 
excrete gentisic acid, as judged by negative alkali 
tests in their urine. 

Both the chronically and the acutely poisoned 
rats were kept for another 10 days on a normal diet 
without white P. Urobilinuria continued unabated, 
but the majority of the animals survived, and those 
rats which had been treated with salicylates seemed 
to recuperate more quickly than the others. At the 
end of this period the injections of salicylate and 
aspirin were repeated. This time all of them excreted 
urine which gave a strongly positive test with 
NaOH, i.e. recovery had occurred. 

(6) Carbon tetrachloride. Injections of CCl, (0-4 
ml]./200 g.) were given every other day to rats. 
After 14 days of this treatment, which was remark- 
ably well tolerated, they received injections of sali- 
cylate and aspirin (0-5 mg./g.). Of eleven CCl,- 
poisoned rats, eight failed to excrete the substance 
responsible for the alkali test, but the urine of the 
remaining three animals showed a faintly positive 
test with NaOH. The titratable reducing power of 
the urine, which fell conspicuously during the CCl, 
treatment, rose in the usual manner in response to 
salicylates. When the CCl, injections were discon- 
tinued for a few days and the administration of 
salicylate and aspirin repeated, all eleven rats ex- 
creted urine which gave a strong NaOH test. 

Experiments were made with the P- and CCl,- 
poisoned rats in which anthranilate (o-amino-ben- 
zoate) was used instead of salicylate. It had been 
shown previously that the administration of anthra- 
nilate to rats caused the excretion in urine of a 
substance which in presence of alkali (NH,OH) 
turned purple, and that in addition the urine con- 
tained considerable quantities of a glucuronide. 
When the poisoned rats were given anthranilate 
they continued to produce the glucuronide, but the 
test with NH,OH was completely negative. 
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(c) Phlorrhizin. This was given by injection 
(30 mg./200 g.). Three hours later when gluco- 
suria was fully developed some of the rats were 
given salicylate by injection, others aspirin (0-5 
mg./g.). The NaOH test was greatly increased in all 
urines, and that from -the aspirin-treated rats 
turned almost black on addition of NaOH. The 
titratable reducing power, however, was rather 
lower than in non-phlorrhizinized animals, 

The alkali test in human urine. Urine was col- 
lected and examined after an oral dose of aspirin 
(1-2 g.). The acid-ether extract from the early urine 
samples (0-7 hr.) showed no alkali test, but the 
7-15 hr. samples, which also showed a slight increase 
in the titratable reducing power, gave a definite test. 
Later samples (15-24 hr.) showed only a mere trace 
of the test. 

SUMMARY 

1. A substance previously reported to be present 
in rat urine after the administration of salicylate, 
and which causes the urine to turn dark on addition 
of NaOH in air, has been isolated. Its properties 
are found to agree with those of 2:5-dihydroxy- 
benzoic acid (gentisic acid). 

2. Tests are described by means of which traces 
of this substance can be demonstrated in urine. 

3. Positive tests of this kind were obtained after 
the administration of salicylate, aspirin and methyl- 
salicylate, but not after salol or sulphosalicylate. 
Human urine gave a positive test after a compara- 
tively small dose of aspirin. 

4. The substance isolated from urine of sali- 
cylate-treated rats, which is thought to be gentisic 
acid, is stable in the presence of rat tissue, and of 
yeast enzymes. It was oxidized by peroxidase, but 
not by cytochrome or by catechol oxidase. 

5. Rats poisoned with white phosphorus or 
carbon tetrachloride are unable to excrete gentisic 
acid after administration of salicylates. However, 
the effects of the poisoning are not permanent, 
since when the poisons are discontinued for a 
period, recovery sets in and administration of sali- 
cylates is then again followed by the excretion of 
this particular product of salicylate metabolism. 
On the other hand, phlorrhizin does not prevent, 
but rather increases, the excretion of the alkali- 
sensitive substance in the urine after adminis- 
tration of salicylates. 

The work on the effect of the anti-rheumatic drugs was 
originally undertaken on behalf of the Empire Rheumatism 
Council. 
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gelatin as an Antigen 


By F. HAUROWITZ, M. TUNCA ann PAULA SCHWERIN, From the Institute of Biological 
and Medical Chemistry, University of Istanbul 


(Received 2 January 1943) 


The non-antigenicity of gelatin was attributed for 
a long time to its lack of aromatic amino-acids. 
Later, Landsteiner [1919] and Hooker & Boyd 
[1932] introduced aromatic determinant groups 
into the gelatin molecule by coupling it with diazo- 
tized arsanilic acid. Injection of arsanil-azo-gelatin 
into rabbits furnished immune sera which gave 
slight precipitates with the arsanil-azo-compounds 
of casein, ovalbumin and serum-globulin, but gave 
no visible reaction with arsanil-azo-gelatin. Similar 
results were obtained by coupling gelatin with 
glucosido-tyrosine [Clutton, Harington & Yuill, 
1938]. These experiments demonstrated clearly that 
the absence of antigenicity in gelatin cannot be 
attributed merely to the deficiency of aromatic 
groups. 

In previous papers [Haurowitz, 1936; Haurowitz 
& Kraus, 1936] we showed that the bulk of intra- 
venously injected arsanil-azo-globulin is fixed in the 
liver and the bone-marrow of rabbits. We have now 
performed similar experiments with arsanil-azo- 
gelatin. 


METHODS 


Arsanil-azo-globulin was prepared in the usual way by 
coupling pseudo-globulin from sheep serum with diazotized 
arsanilic acid [Haurowitz, 1936]. For arsanil-azo-gelatin 
1-35 g. of arsanilic acid were diazotized in the usual manner 


Haurowitz & Kraus, 1936; Haurowitz & Breinl, 1932]. 
The animals were killed by bleeding 60 min. after the in- 
jection of the azo-protein. 


RESULTS 


Deposition of arsenic in the liver. As will be noted 
from Table 1 only 4-4 % of the injected arsenic was 
deposited in the liver, whereas 66 % passed into the 
urine. In a second rabbit, given an injection of 
arsanil-azo-globulin under similar conditions, 34% 
of the injected arsenic was found in the liver and 
only 9% passed into the urine. A repetition of this 
experiment on two other animals furnished analo- 
gous results. 

Excretion of arsenic. The experiments recorded in 
Table 2 were performed on rabbits weighing 1-7— 
2-2 kg. In each experiment a pair of animals was 
used, since the food varied somewhat from day to 
day, both animals of a pair receiving the same food. 
One animal received an intravenous injection of the 
arsanil-azo-gelatin, the other animal received ar- 
sanil-azo-globulin as a control. The animals were 
kept in metabolism cages and the urines collected 
quantitatively during 2 days. Arsenic was deter- 
mined in 10 or in 20 ml. of urine according to our 
previously described method. 


Table 1. Distribution of arsenic 60 min. after the intravenous injection of arsanil-azo-gelatin 
and arsanil-azo-globulin into rabbits 


50 mg. of arsanil-azo-gelatin 
(=1-8 mg. As) 


Injected protein 


60 mg. of arsanil-azo-sheep serum 
globulin (=0-96 mg. As) 


Wt. of rabbit 2200 g. 1760 g. 
Liver: (a) Weight 67 g. 57-5 g. 

(6) Content of As 0-08 mg. (=4:4% of injected As) 0-33 mg. (=34% of injected As) 
Bone marrow 0-25 mg. As/100 g. 0-71 mg. As/100 g. 


Blood 
Kidneys 
Urine: (a) Volume 
(6) Content of As 


0-025 mg. As/100 ml. 
0-075 mg. As 
9-5 ml. 


{Haurowitz, 1936], and the solution added to a chilled 
solution of 4-5 g. of gelatin in 140 ml. of 0-65 N NaOH. 
The mixture was permitted to stand at 0° for 16 hr. and 
then neutralized, precipitated by twice its volume of 
acetone, dissolved in water and dialysed for 48 hr. against 
distilled water. The solutions for injection into rabbits con- 
tained 2-3 % of azo-protein. The intravenous injection into 
rabbits and the determination of arsenic in the organs have 
been described in previous papers [Haurowitz, 1936; 


1-2 mg. (=66% of injected As) 


0-30 mg. As/100 ml. 

0-072 mg. As 

7-0 ml. 

0-088 mg. (=9-2% of injected As) 


In each of these experiments arsenic was elimi- 
nated more rapidly by the animals which had been 
injected with arsanil-azo-gelatin (Table 2). 

The rapid elimination of arsenic after the injec- 
tion of arsanil-azo-gelatin cannot be attributed to 
the presence of dialysable compounds of arsenic in 
the injected preparation, for it had been purified 
by dialysis, and further dialysis in distilled water 
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Table 2. Excretion ef arsenic after the injection 
of arsanil-azo-gelatin and arsanil-azo-globulin 


Injected arsanil-azo- 

protein Content of arsenic 
oso in urine 

Content ——— 

of As 24 hr. 48 hr. 

Protein mg. mg. mg. 
0-91 — 
1-54 =: 
0-88 
1-71 
0-28 
0-99 
0-47 
0-75 


Exp. Rabbit Wt. 
no. no. mg. 

» 1 208 60 
209a 50 

2 210 60 
209b =650 

3 213 48 
214 45 

4 215 48 
217 56 


Globulin 
Gelatin 
Globulin 
Gelatin 
Globulin 
Gelatin 


DOr wan 


Globulin 
Gelatin 


Loko HNO ho bhD 


Co &S 


yielded only negligible quantities of dialysable As 
compounds. 

The rapid elimination of As when administered 
intravenously as arsanil-azo-gelatin appears to be 
related to the peculiarities of the gelatin molecule, 
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e.g. its strong tendency to remain in solution and 
not to be adsorbed. It is assumed therefore, that 
the failure of arsanil-azo-gelatin to produce anti- 
bodies is chiefly due to the fact that its molecules 
are not deposited at the sites of antibody-formation, 
but are rapidly eliminated from the organism. 
Probably this is also the reason for the lack of 
antigenicity of pure gelatin. 


SUMMARY 


1. While an intravenous injection of arsanil-azo- 
globulin into rabbits gives rise to a considerable 
deposition of arsenic in the liver, an analogous in- 
jection of arsanil-azo-gelatin is followed by rapid 
urinary excretion of arsenic, and only small quan- 
tities of arsenic are deposited in the liver. 

2. The failure of arsenil-azo-gelatin to act as full 
antigen is attributed to the insufficient deposition 
of this substance in the reticulo-endothelial cells, 
i.e. in the cells producing the antibodies. 
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Riboflavin and Riboflavin Adenine Dinucleotide in Ox Ocular Tissues 


By FLORA J. PHILPOT anp ANTOINETTE PIRIE, From the Oxford Nutrition Survey and 
the Nuffield Laboratory of Ophthalmology, Oxford Eye Hospital 


(Received 2 January 1943) 


Sherman & Sandel [1931] found that vitamin ‘G’- 
deficient rats showed eye changes which they 
described as ‘a very slight keratitis with corneal 
corpuscles, a few polymorphs and some new formed 
blood channels in the cornea’. Day, Langston & 
O’Brien [1931] also observed that rats on a ‘G’- 
deficient diet developed eye lesions. Their animals 
not only developed a condition which they de- 
scribed as anterior interstitial keratitis, but also 
cataract. The lens changes in vitamin ‘G’ defi- 
ciency were further investigated by many different 
workers, but the original observations could not be 
repeated. The changes in the cornea were not 
examined in detail until Bessey & Wolbach [1939] 
and El] Sadr [1939] published descriptions of the 
vascularization of rat corneas in riboflavin defi- 
ciency. In the meantime vitamin ‘G’ had become 
identified with vitamin B, or riboflavin. Syden- 
stricker, Sebrell, Cleckley & Kruse [1940] described 
vascularization of the cornea in man in riboflavin 


deficiency. Patek, Post & Victor [1941] have found 
that it occurs in pigs, and Street, Cowgill & 
Zimmerman [1941] have described its occurrence 
in dogs. 

Apart from estimations of the total flavin con- 
tent of the retinae of different species by v. Euler 
& Adler [1933; 1934a] no determinations of the 
amount or type of flavin in the different parts of 
the eye have been published. We have now esti- 
mated total flavin and riboflavin adenine dinucleo- 
tide in ox eyes in order to see whether a determina- 
tion of the distribution and type of flavin present 
would help to explain the sensitivity of the cornea 
to riboflavin deficiency. 


METHODS 
(1) Collection of material 


Ox eyes were removed and put into a refrigerator 
within 5 min. of the death of the animal. As soon 
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as the requisite number of eyes had been collected 
they were taken on ice to the laboratory, dissected, 
and extracts made of the different parts. The eyes 
were gently wiped with a damp pledget of cotton- 
wool. The corneal epithelium was then shaved off 
with a sharp knife. We found that the best method 
of removing the retina was to brush it out with a 
soft paint brush, the choroid could then be taken 
out with forceps. The aqueous humour, when 
needed, was removed at the slaughter house with 
a hypodermic syringe, and immediately cooled on 
ice. The lens was extracted without its capsule. 
Ocular conjunctiva was cut off as a very thin strip 
without adherent fatty tissue, in order to make 
conjunctiva as comparable with corneal epithelium 
as possible. 

Preparation of extracts. Snell & Strong [1939] 
recommend extraction of tissues low ingriboflavin 
either with boiling“V/10 HCl or with a mixture of 
3 parts acetone, 1 part N H,SO, under reflux. We 
found, however, that these methods gave lower 
values than extraction with H,O at 80° for 15 min., 
which is the method used by Ochoa & Rossiter 
[1939] to prepare extracts for riboflavin adenine 
dinucleotide estimation. The final method of pre- 
paration of tissue extracts for both the microbio- 
logical estimation of total riboflavin and the esti- 
mation of riboflavin adenine dinucleotide has there- 
fore been as follows. The tissue was weighed, ground 
with a little sand and extracted with distilled water 
in a water-bath at 80° for 15 min. The final concen- 
tration of tissue was 10 or 5%. The tube was then 
cooled to 4° and the extract centrifuged. The super- 
natant, which is frequenily cloudy, was used for 
the estimations. : 


(2) Microbiological estimation of total riboflavin 

Total riboflavin was estimated by the microbio- 
logical method of Snell & Strong [1939]. A culture 
of Lactobacillus helveticus (kindly supplied by Dr 
J. G. Davis of the National Institute for Research 
in Dairying) was used. A few experiments were 
done with additions to the medium as described by 
Barton-Wright [1942], i.e. xylose, asparagine, nico- 
tinic acid and pantothenic acid. Although these 
additions did accelerate the growth of L. helveticus 
to a small extent, they did not affect the values for 
riboflavin obtained from different extracts of the 
same tissues. For the rest of the work the simplest 
medium was used. The growth of the L. helveticus 
in 24-48 hr. was measured by titrating the acid 
formed with 0-1N NaOH, using phenol-red as an 
indicator. A standard riboflavin curve was ob- 


tained with each experiment between the limits of 
0-0-1 yg. riboflavin and the extracts were diluted, 
if necessary, to fall within these levels. All extracts, 
with the exception of tears and meibomian secretion, 
were estimated in duplicate at three different levels. 
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(3) Estimation of riboflavin adenine dinucleotide 


This was estimated by the d-amino oxidase tech- 
nique of Warburg & Christian [1938], using the 
specific enzyme-protein from sheep’s kidney. The 
pure substance was not available as a standard, so 
an extract of rat brain was used. Hot aqueous 
extracts of rat brain consistently contain a mean 
of 10+ 0-8 ug./g. fresh tissue, based on groups of six 
animals [Ochoa & Rossiter, 1939], and we have 
assumed a value of 10 yg./g. in constructing a 
reference curve for the O, uptake of 5mg. of the 
kidney protein in the presence of dl-alanine and 
varying amounts of rat-brain extract. In assays 
on extracts of eye tissues the amounts added were 
always such as to give O, uptakes falling on that 
part of the reference curve for which the increase in 
uptake was directly proportional to the amount of 
catalyst added. It is realized that the values we 
have obtained are approximate only, as the brain 
extract cannot be as satisfactory a standard as the 
pure riboflavin adenine dinucleotide. 


RESULTS 


Table 1 summarizes the results we have obtained 
by the two methods. 

We do not wish to stress the apparent agreement 
between the riboflavin values obtained by the two 
separate methods of estimation, as estimations of 
the flavin contents of other tissues made in the 
same way did not agree so satisfactorily. The ribo- 
flavin values obtained by the d-amino oxidase 
technique, given in Table 1, demonstrate the 
presence throughout the eye of riboflavin adenine 
dinucleotide. 

Adler & v. Euler [1938] found that free riboflavin 
was present in an extract, prepared at 0°, of cod’s 
eyes, but the question of the presence of free ribo- 
flavin in mammalian retinae is still open. Many 
fish retinae contain much more total flavin than 
any known mammalian retina. v. Euler & Adler 
[1934a] found 0-2-0-4yg. riboflavin/g. wet wt. of 
human retina. We were able to obtain one normal 
human retina which was iced within 1 min. of 
extraction of the eye. The total riboflavin content, 
estimated microbiologically, was 3-2-5-0ug./g. wet 
wt., and estimated by the d-amino oxidase tech- 
nique was 5-0yg./g. wet wt. Even this higher value 
is far below the flavin content of some fish retinae, 
which Adler & v. Euler [1938] found to contain 
500 ug./g. wet wt. 

v. Euler & Adler [1933] based their contention 
that the riboflavin in the retina is free on the fact 
that it is largely dialysable. But Pulver [1940] has 
shown that the flavin from all tissues becomes pro- 
gressively dialysable as the time of dialysis in- 
creases, and that in order to get a true value for 
free riboflavin an ultrafiltrate of a press juice of the 
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Table 1. Riboflavin in ocular tissues estimated by 
microbiological and d-amino oxidase techniques 


Riboflavin pg./g. wet wt. unless 
stated otherwise 
$$$ $$, 
d-amino oxidase 
(H,O extracts only) 


8, 1-9, 2:5, 2-4, 23 
‘ 


Microbio- 

Extractive logical 
N/10 HCI 1- 
V/10 HCl . 2- 
Acetone, H,SO, 1-6 - 
i 


Tissue 
Corneal 
epithe- 
lium 
N/10 HCl 
Acetone, H,SO, 0 4 
H,O +g 0-5 
NV/10 HCl 6 
H,O 
H,O 
H.O 
H.O 
WV/10 HCl 
NV/10 HCl 
NV/10 HCl 
Iris H,O 
H,O 
H,O 
H,O 


Substantia 
vaieie 2, 0:26, 0-25 

4 

Conjunc- 
tiva 


-Opg./100 ml. 
‘9 yg, /100 ml. 
-1yg./100 ml. 


Aqueous 
humour 


Ciliary 
body 


H,O 
H,O 


Acetone 


Lens 


Vitreous 
humour 
Retina 


0-8 wg./100 ml. 


© 


N/10 HCI 
N/10 HCl 
N/10 HCl 
H.O 
H,0 
HO 
HO 


N/10 HCI 
V/10 HCI 
N/10 HCI 
H.O 
H,O 


ND CoG 


Choroid 


WHOS OR RIS 
De OO on 


bo 


In those cases where a dotted line is drawn between the 
figures, the microbiological and the d-amino oxidase estimations 
were carried out on the same extract. 


tissue should be made. Using this method he found, 
for example, that only 2% of the total flavin of 
cattle liver was dialysable. 

v. Euler & Adler [1934a] considered that the re- 
tinal flavin was almost entirely confined to the 
pigment epithelium of the retina. In our experi- 
ments histological preparations showed that the 
pigment epithelium remained attached to the 
choroid, and none of it was present in the retinal 
preparations. Yet the flavin content of the ox 
retina is higher than that of the choroid. Acetone 
extracts of calf retina made by v. Euler & Adler 
[19346] gave non-fluorescent extracts, which after 
standing for 2 days fluoresced blue. This suggests 
a breakdown of a combined flavin present in the 
original extract. 

We have done a single experiment to see whether 
bleaching of the retina caused any diminution of 
its riboflavin adenine dinucleotide content. An 
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excised ox eye was placed in a dish of ice:and ex- 
posed to direct sunlight for 1 hr. At the end of this 
time the dinucleotide content of the retina, deter- 
mined in the usual way, was normal in amount. 

In Table 1, the low value for the flavin of the 
aqueous humour is very noticeable; that for the sub- 
stantia propria of the cornea is also low, while the 
ocular conjunctiva and the corneal epithelium con- 
tain about 2ug./g. of total flavin. Histological pre- 
parations showed that very little substantia propria 
was detached with the corneal epithelium. This 
accumulation of flavin in the corneal epithelium, 
which is without a blood supply, led us to investi- 
gate the flavin content of the glands of the eye and 
their secretions. 


Table 2. Riboflavin in ocular glands and secretions, 
estimated by microbiological and d-amino oxidase 
techniques. H,O used as extractive throughout 


Riboflavin, ug./g. wet wt. unless 
stated otherwise 





~ 


c 
Tissue Microbiological d-amino oxidase 


Meibomian glands 


Lacrymal glands 


Meibomian 
secretion 


Tears: Human 
Rabbit 
Rat 


0-03 ug. 
0-04 ng. 


of tears, approx. 
0-2 ml. in each case 


0-01 nt 0-027 Totalriboflavin. Vol. 


HE. 


There are two main lacrymal glands in the ox; 
both had similar flavin contents, averaging 6-5 yg./g. 
The meibomian glands of the lids contained about 
4ug./g. These values, in particular that for the 
lacrymal glands, are higher than those for the 
tissues adjacent to the corneal epithelium, or indeed 
for any part of the eye except possibly the retina. 
We therefore estimated the total flavin content of 
the eye secretions. Ox eyelids were cut off imme- 
diately after death and the secretion from the 
meibomian glands was expressed by hand. A few 
mg. of a hard bright yellow waxy substance was 
obtained from several lids. Too little was obtained 
to make it feasible to do parallel estimations of total 
flavin and riboflavin adenine dinucleotide, so that 
values for total flavin only are given (Table 2). These 
show that the secretion contains about the same 
amount of flavin/g. as the gland itself. Miscellaneous 
estimations of the presence of flavin in the tears of 
different species have been carried out. The volume 
of tears obtained was so small that it was only 
possible to decide whether flavin was present or not. 
The results show that flavin was present in tears 
from a normal woman, from rabbits, and from a rat. 

It is therefore possible that the flavin of the 
corneal epithelium is obtained from the lacrymal 
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secretions rather than from the blood in the limbal 
loops. The weight of epithelium of an ox eye is 
approximately 0-15g., which means that the 
amount of riboflavin present is 0-3yug. It seems 
reasonable to suppose that this amount could be 
kept replenished by the eye secretions, but we have 
no evidence that in vivo such an absorption of 
either riboflavin or riboflavin adenine dinucleotide 
into the cornea does occur. The penetration of the 
corneal epithelium by either of these substances 
has not yet been investigated. Histological studies 
of the eye glands of riboflavin-deficient animals 
have not been reported, although both deficient 
and excessive secretion of tears have been noted, 
so that one cannot tell whether the primary lesion 
leading to a disturbance of the corneal epithelium 
with subsequent vascularization of the cornea is in 
the eye glands and their secretions or not. Defi- 
ciency of tears in man may rarely be associated 
with corneal disturbance, as in keratoconjunctivitis 
sicca described by Bruce [1941], but in general 
either the meibomian glands or the lacrymal gland 
may be removed without subsequent damage 
to the cornea. Under such circumstances the 
mucous-secreting glands of the conjunctiva still 
remain. ; 

Johnson & Eckhardt [1940] reported that ex- 
posure of rats to sunlight hastened the vasculariza- 
tion of the cornea in riboflavin deficiency. We have 
investigated the stability to light of riboflavin 
adenine dinucleotide in ox corneal epithelium. Ox 
eyes were cooled to 4° and placed in a dish of ice 
in bright sunlight out of doors for 1 hr. The surface 
of the cornea was kept moist by occasional drops 
of ice-cold saline. The riboflavin adenine dinucleo- 
tide of the epithelium, estimated in the usual way, 
showed no diminution during this time. Ox eyes 
were also similarly exposed for a maximum time of 
1 hr. to a G.E.C. Osira ultra-violet lamp placed 
8in. away from the corneal surface. Again no change 
occurred in the dinucleotide content of the epi- 
thelium. Excised epithelium exposed to the G.E.C. 
Osira lamp also had a normal dinucleotide content 
after exposure. These results with excised eyes give 
the impression that the dinucleotide itself in the ox 
corneal epithelium is relatively stable, but they 
must not be regarded as contradicting Johnson & 
Eckhardt’s results, where continuous exposure to 
sunlight in vivo resulted in an apparent diminution 
of the corneal flavin. 
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DISCUSSION 


These estimations of riboflavin and riboflavin ade- 
nine dinucleotide in the secretions and different 
parts of the eye show that the distribution is 
general, but uneven. The vitreous humour, the 
aqueous humour and the lens contain very small 
amounts of flavin. This is in marked contrast to 
the distribution of ascorbic acid, whose concentra- 
tion in ox aqueous humour is 20 mg./100 ml. [Miiller, 
1933], a concentration greater than that in the 
blood. Birch & Dann [1933] found that ox lens, 
and Monajukowa & Fradkin [1935] found that the 
vitreous humour also had a high content of ascorbic 
acid. The estimations also show that some at least 
of the retinal and choroidal flavin in the ox is 
present as dinucleotide. 

In riboflavin deficiency in man and animals the 
cornea is invaded by capillaries at an early stage. 
Our estimations of the flavin content of the epi- 
thelium and the surrounding tissues show that the 
corneal epithelium has a greater concentration of 
flavin than the substantia propria or aqueous 
humour, and about the same concentration as the 
conjunctiva. The source of this flavin in the corneal 
epithelium has been considered to be the blood in 
the vessels at the limbus. Our estimations of the 
flavian content of the eye glands and their secre- 
tions show that if the epithelium is permeable to 
flavin it would be possible for it to obtain it from 
tears and from the meibomian secretion, and we 
think that this possibility should be borne in mind 
in considering the ocular signs of riboflavin de- 
ficiency. 

SUMMARY 
Total riboflavin and riboflavin adenine dinucleotide 
have been estimated in ox ocular tissues. The 
lacrymal and meibomian glands contain a greater 
amount of flavin than does any other part of the 
eye. The corneal epithelium contains much more 
than the substantia propria or the aqueous humour, 
and it is tentatively suggested that the corneal 
epithelium may get flavin from the eye secretions 
as well as from the blood in the limbal capillaries. 


We wish to thank Miss Mann for her interest and help, 
Dr Carleton for preparing the histological specimens, Dr 
Rossiter for suggesting that rat brain extract may be used 
as a standard in estimating riboflavin adenine dinucleotide, 
and finally the staff of the Oxford and District Co-operative 
Society, Ltd., whose friendly help made the work possible. 
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The Oxalate Content of Blood 


By J. F. B. BARRETT, Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, 
London, W. 1 


(Received 4 January 1943) 


The quantity of oxalate present in blood is still in 
dispute. Japanese workers give the normal value 
as 2-4 mg./100 ml. (method of Izumi [1933], Suzuki 
[1934]. Kamiya [1937] and Sato [1941]). On the 
other hand, Leulier & Dorche [1939] found 0-2— 
0-5 mg./100 ml. in good agreement with Flaschen- 
trager & Miller [1938]. Voinar & Babkin [1940] 
failed to isolate oxalic acid from the blood or tissues 
(as CaC,O,), and expressed doubts as to the relia- 
bility of the methods then available. Barber & 
Gallimore [1940] applied the ester method of Dodds 
& Gallimore [1932] and reported 0-4—0-6mg./100ml. 
of human blood. 

The method of Izumi [1933], which depends on 
the precipitation of cerous oxalate (Ce,(C,0,4)3) at 
pH 2-3 from a trichloroacetic acid filtrate, received 
some support from the previous work of Merz & 
Maugeri [1931]. These authors found 3-4 mg./ 
100 ml. by direct precipitation from blood filtrate 
by means of lime water, but Thomsen [1935] and 
Voinar & Babkin [1940] have claimed that the pre- 
cipitate obtained does not consist of oxalate. 
Thomsen [1935] also criticized the Ce procedure 
used by Suzuki [1934], but this criticism was 
answered [Suzuki, 1936] and the method has been 
in use in a modified form ever since. The purpose 
of the present paper has been to investigate the Ce 
procedure used by Kamiya, Noye & Sato [1937] 
and the Ca procedure of Merz & Maugeri [1931], 
since these two methods agree in yielding high and 
unconfirmed results. The ester procedure of Barber 
& Gallimore [1940] has also been examined. 


METHODS 


(1) Investigation of the cerous oxalate method |Suzuki, 
1934; Kamiya et al. 1937]. Thomsen [1935], following the 
procedure of Suzuki [1934], could obtain no precipitate 
from blood filtrates, and pointed out that Ce,(C,0,)3 is 


soluble in excess of CeCl,;. Suzuki [1936] suggested that 
Thomsen had overlooked or lost the small precipitate of 
Ce,(C,0,); and insisted that special centrifuge tubes were 
required. Subsequently, Kamiya et al. [1937] suggested 
Ce,(SO,), as precipitant since an excess of this substance 
has less tendency to redissolve Ce,(C,0,)5. 

In the present experiments the special centrifuge tubes 
recommended by Suzuki [1936] were employed. With 
2 drops of 0-1 % Ce,(SO,), and 3 ml. of a solution of Na,C,0, 
equivalent to 1-33 mg. H,C,0,/100 ml., no difficulty was 
encountered in obtaining a crystalline precipitate of 
Ce,(C,0,),; at pH 6. In 2 hr. 98% of the oxalate was 
precipitated. This result indicates that an aqueous solution 
of oxalate of the strength which Suzuki [1934] supposed 
to be present in blood filtrates yields an easily visible 
crystalline precipitate, suitable for analysis. However, 
when the precipitation was attempted under the conditions 
set out by Izumi [1933], viz. at pH 2-3 (colorimetrically, 
thymol blue) and in the presence of CCl,.COOH, no pre- 
cipitate could be obtained. In these experiments the 
number of drops of Ce,(SO,); was varied from 1 to 4 
(0-04-0-16 ml.) and the solutions were left overnight. Since 
oxalate is not precipitated from aqueous solution under 
these conditions it is improbable that a precipitate of 
Ce,(C,0,), would separate from a blood filtrate. Experi- 
ments showed that in some cases a small amorphous pre- 
cipitate did appear, but in no case could oxalate be re- 
covered when the precipitate from 10 ml. of blood was 
subjected to the process of Dodds & Gallimore [1932]. 
This result therefore supports the contention of Thomsen 
[1935]. 

(2) Investigation of the precipitate obtained with lime water 
[Merz & Maugeri, 1931]. Ifthe precipitate consists of CaC,0, 
it should be possible to convert it into Et,C,0, and to esti- 
mate the quantity so esterified by the procedure of Dodds 
& Gallimore [1932]. The ‘oxalate’ content of a sample of 
heparinized human blood was determined, and 4-55 mg./ 
100 ml. were found. The precipitate from 20 ml. of blood 
(0-91 mg. ‘oxalate’) was dissolved in a small quantity of 
HCl and transferred to the Claisen flask of the apparatus 
used for the distillation of the ester. Only 0-092 mg. oxalate 
was recovered. It is probable that at least a part of this 
oxalate arose from the decomposition of ascorbic acid of 
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the blood filtrate when the latter was made alkaline with 
lime water. The whole procedure was verified by carrying 
out a ‘blank’ experiment in which 1 mg. H,C,0, was added 
and 1-06 mg. recovered. These results confirm the findings 
of Thomsen [1935], and of Voinar & Babkin [1940]. 

(3) Investigation of the ethyl oxalate procedure [Barber & 
Gallimore, 1940]. This method entails a preliminary de- 
proteinization with phosphotungstic acid, evaporation of 
the filtrate, and precipitation of the oxalate as CaC,0,. 
10 ml. samples of blood were employed in order to insure 
the presence of sufficient oxalate to give a clear-cut pre- 
cipitate. The volume of fluid prior to the addition of lime 
water was not allowed to exceed 2 ml. The only other 
modification adopted was the use of an ice-bath in the 
distillation of the ester, as suggested by Athanasiou & 
Reinwein [1934]. 

The most likely sources of error in this method are: 
(a) Loss of H,C,O, by volatilization during the evaporation 
of the blood filtrate in vacuo. (b) Incomplete extraction 
of the H,C,0, with ether. (c) Incomplete precipitation by 
means of lime water. (d) Production of H,C,0, from other 
constituents of the blood during the prolonged and some- 
what drastic processes involved in the determination. 

The first three possibilities were investigated by carrying 
out a blank test on the reagents with and without the 
addition of a quantity of H,C,O, likely to occur in blood. 
In these tests the amount of phosphotungstic acid was 
reduced from 4 to 0-2 g., since with blood nearly all the 
phosphotungstic acid is removed by the proteins. When 
0-1 mg. H,C,O0, was added to the ‘blank’ 82% of it was 
recovered. This recovery is satisfactory. It is probably an 
advantage to have a small quantity of oxalate present in 
the reagents, as although the absolute value of the ‘ blank’ 
is unlikely to be obtained owing to unavoidable losses, such 
losses occur in both ‘blank’ and ‘test’ and the difference, 
which is the value required, is not likely to be affected. 

Nine specimens of normal heparinized human blood were 
analysed. The values obtained were 0-23, 0-31, 0-40, 0-42, 
0-47, 0-51, 0-57, 0-60, 0°77 mg. oxalate/100 ml. with an 
average result of 0-48 mg./100 ml. (In two.cases 0-06 mg. 
H,C,0, was added to two 10 ml. samples of blood; the 
recoveries were 84 and 85%.) These figures are in close 
agreement with those reported by Barber & Gallimore 
[1940] although the range for normal blood is wider than 
that (0-4-0-6 mg./100 ml.) given by them. 

l-Ascorbic acid was selected as the most probable normal 
constituent of blood which might yield H,C,0, when sub- 
jected to the procedure of Barber & Gallimore [1940]. Its 
easy conversion into H,C,0, has already been noted by 
Flaschentriger & Miiller [1938] and Jurist & Christiansen 
[1939], while Scheinkman [1940] found an increased output 
of oxalate in guinea-pigs after administration of l-ascorbic 
acid. The l-ascorbic acid used in the following experiments 
was supplied by B.D.H., and gave no precipitate when 
treated with Ca salts at pH 5. In three cases 4 mg. of 
ascorbic acid were added to 10 ml. samples of human blood 
and the oxalate content was determined. In each case an 
increase was obtained. The average value of the three 
specimens prior to addition of l-ascorbic acid was 0-50 mg./ 
100 ml. and after the addition rose to 1-5 mg./100 ml. An 
addition of 40 mg. l-ascorbic acid to 100 ml. blood therefore 
increased the apparent oxalate content by 1-0 mg. If this 
oxalogenic effect is directly proportional to the quantity of 
Lascorbic acid present, the quantity of oxalate formed by 
the 1 mg. of J-ascorbic acid present in 100 ml. of normal 
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blood would be 0-025 mg. This value is not of great signi- 
ficance when compared with the normal figure of 0-5 mg./ 
100 ml. but it does indicate that all the H,C,0, found by 
this method is not necessarily present in the original blood. 


DISCUSSION 


No evidence could be found in support of the high 
level of blood oxalate reported by the Japanese 
group of workers. A negative result of this type is 
not entirely satisfactory, and it may be argued that 
the reagents employed in this investigation were 
not pure. However, only three reagents were used 
in the Ce,(C,0,),; experiments. Two of these sub- 
stances, viz. CCl,. COOH and NaOH, were of Analar 
quality, while the Ce,(SO,), was specially prepared 
from Ce(SO,).. The latter was purified by the pro- 
cedure of Bowles & Partridge [1937]. Izumi [1933], 
the originator of the cerium procedure, conducted 
the precipitation at pH 2-3. He investigated the 
effect of pH on the precipitation by mixing 5 ml. 
buffer solution (acetic acid+acetate or glycine + 
HCl), 0-5 ml. N/10 Na,C,0, and 0-2 ml. 2% CeCl,, 
and found complete precipitation of oxalate at 
pH 2-3 and upwards.’ It is evident that the condi- 
tions in this experiment have little connexion with 
those existing in a blood filtrate. Here the concen- 
tration of oxalate is many times lower, and the 
Ce salt is employed in 0-1 % solution. 

It is unfortunate that our present knowledge of 
the variation of blood oxalate in health and disease 
has been acquired mainly by the methods of Merz 
& Maugeri [1931], of Suzuki [1934], and of Kamiya 
et al. [1937]. The defects inherent in these methods 
appear to be such that any published work in which 
they have been employed must be regarded with 
suspicion. 

There appears to be little doubt that the pro- 
cedure of Barber & Gallimore [1940] gives results 
of the correct order. However, their figures should 
be regarded as representing the total oxalate de- 
rived from the blood, since the demonstration that 
their final precipitate consists of CaC,O, does not 
necessarily imply that this quantity of oxalate is 
present in the original blood. 


SUMMARY 


1. No evidence could be obtained to support the 
contention of Kamiya et al. [1937] and Merz & 
Maugeri [1931] that the oxalate content of blood is 
2—4 mg./100 ml. 

2. The method of Barber & Gallimore [1940] for 
the determination of oxalate in blood is confirmed, 
but the quantity of oxalate involved is too small to 
permit great accuracy of determination. It is not 
certain that all the oxalate found by this method 
pre-exists in the blood. 


It is a pleasure to thank Prof. E. C. Dodds for his 
interest in this work and for his helpful advice. 
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A New Technique for the Determination of Phosphorus 
by the Molybdenum Blue Method 


By W. I. M. HOLMAN, From the Rowett Institute, Aberdeen 


(Received 11 January 1943) 


Numerous methods are available for the colori- 
metric determination of phosphorus by molybdenum 
blue. A number of reducing agents have been 
applied, but no method can be regarded as entirely 
satisfactory. The methods using SnCl, have the 
advantage of high sensitivity, but in general do not 
obey Beer’s Law over a wide range, and the varia- 
tion in tint at different intensities is sufficient to 
cause difficulty in matching. Bodansky [1932] cor- 
rected for the deviation from Beer’s Law in the 
method of Kuttner & Cohen [1927]. When absolute 
colour measurement is adopted difficulty is ex- 
perienced in controlling the colour development and 
in eliminating variation caused by instability of the 
colour with time and with changes in room tem- 
perature. In methods using other reducing agents 
these disadvantages are reduced, but the sensitivity 
is also diminished, The method of Fiske & Subbarow 
[1925] is probably the most popular and, even 
though the colour is not quite stable, Allen [1940] 
has found that a Pulfrich photometer can be used 
for matching. Probably the only method which 
gives a stable colour under conditions which are 
easy to control is that of Zinzadze [1935] using 
metallic Mo as the reducing agent. A recent review 
of methods is given by Woods & Mellon [1941]. 
Arising from an observation that KI in acid 
solution is a suitable reducing agent for phospho- 
molybdie acid, a new method has been developed 
which has none of the above disadvantages and is 


simple to operate. The range is 1-100yg. P and, 
where applicable, it gives a higher degree of accu- 
racy than existing methods. The sensitivity is 
almost three times that of the Fiske-Subbarow 
method. Wu [1920] suggested the use of HI as a 
reducing agent for phosphomolybdic acid and de- 
vised a rough test. Berenblum & Chain [1938] used 
HI in a study of the mechanism of the reduction 
to Mo blue. 

Suitable conditions for reduction to Mo blue and 
for removal of liberated I, were determined. A 
temperature of 100° was found to be suitable for 
the development of the colour. The colour intensity 
increases with the amount of molybdate used, but 
the ‘blank’ colour increases in the same manner. 
The ‘blank’ can be reduced by increasing the acidity 
or by using less reducing agent, but if the acidity 
is too high the colour fades after reaching its maxi- 
mum intensity at 100°. If too little reducing agent 
is present the colour is not stable. Suitable concen- 
trations of reagents were ascertained. Na,S,0; 
cannot be used to remove the liberated I, owing to 
precipitation of 8, but Na,SO, was satisfactory. 
Only a small excess is permissible, otherwise it 
imparts a yellow colour to the solution. The H,SO, 
and (NH,),.MoO, must be added separately since a 
combined reagent gives a high and variable ‘blank’. 
The solution of KI keeps satisfactorily if it contains 
a small amount of Na,CO, to prevent liberation of 
free HI. 
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METHODS 


Reagents 

(1) 10N H,S0,. 

(2) 2:5% ammonium molybdate solution. Dissolve 25 g. 
(NH,).Mo0, in distilled water by warming. Cool and dilute 
toll. Preserve the solution under liquid paraffin to prevent 
diffusion into the air of the NH, liberated by salt hydrolysis. 
An. aspirator bottle may be used, which has been fitted 
with a well-greased tap at the base and the inside of which 
has been coated with a thin film of liquid paraffin, to 
prevent the solution wetting the sides. 

(3) 20% KI solution. Dissolve 200g. KI and 5g. 
Na,CO, in distilled water and dilute to 11. The solution 
is stable for at least 3 months and probably indefinitely. 

(4) 0:5% Na,SO, solution. Dissolve 1 g. Na,SO,.7H,O 
in distilled water and dilute to 200 ml. Prepare the solu- 
tion freshly each day. 

(5) Standard P solution. Prepare a stock solution con- 
taining 1 g. P/l. by dissolving 4-3885 g. pure dry KH,PO, 
in distilled water, adding 2 ml. concentrated H,SO, as a 
preservative before diluting to 11. To prepare a working 
standard, dilute 5 ml. of the stock solution to 250 ml. with 
distilled water. This solution contains 20ug. P/ml. 


Procedure 


Transfer a sample containing 1-l00ug. P to a 10 ml. 
volumetric flask or to a 25 ml. test tube provided with a 
stopper and marked at levels corresponding to exactly 
5 and 10 ml. If the solution is acid or alkaline add phenol- 
phthalein and neutralize with N/10 NaOH or N/10 HCl; 


0-9 


0-6 
0-5 


0-4 


Drum reading 


0-3 
0-2 


0-1 


0 10 20 30-40 5060 70 ~=—s 80 90 


ug. phosphorus 


Fig. 1. Typical calibration curve, using the 
Spekker photoelectric absorptiometer. 


then add H,0 to give exactly 5 ml. Add 1 ml. 10N H,SO,, 
Iml. (NH,).MoO, and 1 ml. KI solution, in the order 
named and mixing the contents after each addition. 
Transfer to a briskly boiling water-bath, using an inverted 
specimen tube to cover the neck of the flask or tube. After 
exactly 15 min. transfer at once to cold running water. 
Replace the stopper. After cooling, add Na,SO, from a 
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burette, 0-1 ml. at a time, mixing after each addition, until 
all the liberated I, has been removed and the solution is a 
pure blue. The end-point is very sharp in daylight or when 
a daylight lamp is used, but yellow light obscures it 
somewhat. Then add 0-2 ml. Na,SO, in excess. Make the 
volume to 10 ml. with H,O and mix. Match the colour 
by means of a photoelectric absorptiometer or a visual 
colorimeter. , 

If a Spekker photoelectric absorptiometer is used it is 
necessary to prepare a ‘blank’ from distilled water treating 
it in the same way as the test solution. Place red glass 
filters (no. 1) in front of the two photocells and a 1 cm. 
glass cell containing the test solution in front of the right 
photocell. Set the drum to zero and bring the galvanometer 
reading to zero by adjusting the shutter aperture in front 
of the left photocell. Then place a 1 cm. glass cell con- 
taining the ‘blank’ in front of the right photocell and 
again bring the galvanometer reading to zero by rotating 
the drum, while keeping the shutter aperture constant. 
Record the drum reading. Switch off the lamp in the 
interval between each of a series of matchings to prevent 
fatigue in the photocells, but not in the interval between 
the two operations described above which comprise a single 
matching. To obtain a calibration curve from which the 
amount of P in the test solution can be read match a series 
of standards against the ‘blank’ and plot the drum readings 
against the corresponding amounts of P. The curve should 
be prepared by each worker for his own instrument and 
checked periodically. Colours giving drum readings greater 
than about 1 are too intense for accurate results to be 
obtained and, if 1 cm. glass cells are used, only the range 
1-30yug. P can be covered. 

To cover the range 30-100yug. P the colour must be 
diluted to one-third of its intensity if 1 em. glass cells 
are to be used. After developing the colour remove the 
liberated I, with 0-5% Na,SO, and add 0-5 ml. in excess. 
Dilute to 30 ml. instead of 10 ml. and match against a 
‘blank’ prepared in the same way. A calibration curve 
using this procedure is shown in Fig. 1. 

If a visual colorimeter is used for matching dilution 
to 30 ml. is not required. It is necessary, however, to 
correct for the ‘blank’ and for this reason a ‘blank’ and 
a standard containing lyg. P should be prepared. 
Match the‘ blank’ against the standard and calculate the 
amount of P to which its colour is equivalent as follows: 
b 

~(@-b)’ 

where c=yg. P to which ‘blank’ is equivalent; 
a=length of column of ‘blank’; 6=length of column 
of lpg. standard which matches a. 


c 


Make the following correction for the ‘blank’ when 
calculating the result for the test: 
a whe. 


a 


where x=pg. P present in test solution; y=yg. P 
present in standard; c=yg. P to which ‘blank’ is 
equivalent; a=length of column of test solution; 
b=length of column of standard which matches a. 


DISCUSSION 
Order of accuracy of the method 


The colour is stable, no difference in intensity being 
detectable when standards were kept up to 24 hr. 
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in stoppered test tubes or when the temperature 
was varied from 12 to 32°. After keeping for some 
days the excess of Na,SO, gradually becomes 
oxidized and further I, is liberated thus altering the 
colour. Small variations in the time of development 
of the colour at 100° have little effect on the in- 
tensity. The variations when the time was increased 
or decreased by 5 min. are shown in Table 1. The 
average error per min. of deviation from the 
standard time of 15 min. is 0-3%. | 


Table 1. Effect of time of heating on the 
development of the colour 


Time of 


heating P present P found Error 
min. Bg. Hg. % 
10 10 9-7 -3-0 
10 50 49-2 -1-6 
10 100 98-0 -2-0 
15 10 10-0 Nil 
15 50 50-0 Nil 
15 100 100-0 Nil 
20 10 9-8 -2-0 
20 50 50-0 Nil 
20 100 101-0 +10 


When a Spekker photoelectric absorptiometer is 
used for matching, results accurate to within 2% 
can be obtained for the range 3-100yug. P. With 
special care the error may be reduced still further. 
Fig. 1 shows that the relationship between drum 
reading and amount of P is very nearly linear. 
Deviations from strict linearity are attributable to 
the photocells themselves as well as to the colour. 

When a visual colorimeter is used and a correc- 
tion is made for the ‘blank’, Beer’s Law is obeyed 
closely enough for reasonable accuracy to be ob- 
tained even when the test solution is widely different 
from the standard. A high degree of accuracy can 
be assured if each test solution is matched against 
a standard which does not differ from it by more 
than about 30%. With less than 5yg. P the colours ~* 
are too weak for accurate matching, and the devia- 
tion from Beer’s Law is greatest in this region. 
Results for a series of standards containing widely 
different amounts of P are shown in Table 2. The 


Table 2. Order of accuracy with a visual colorimeter 





P present Relative lengths 
pg. of columns P found 

cr —’"— eo —“* ay Hg. Error 

Test Standard Test Standard Test % 

‘Blank’ 1 40-0 25-0 L-7* _ 
10 50 30-0 6-7 9-84 -146 
10 100 30-0 3-5 10-16 +1-6 
50 10 6-7 30-0 50-7 +1-4 
50 100 10-0 5-1 50-2 +0-4 
100 10 3-5 30-0 98-6 -1-4 
100 50 5-1 10-0 99-7 -0-3 


* This value was used to correct for the ‘ blank’. 
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colours were matched by means of a Klett colori- 
meter. 





Application of the method 
Salts likely to be present in solutions to be tested 
were included in standards in various concentra- 
tions before development of the colour. The maxi- 
mum amount which may be present in the sample 
without affecting the colour was determined in each 
case (Table 3). 











Table 3. Maximum amounts of various salts which 
may be present without affecting the result 


Maximum amount 














Salt permissible (mg.) 
FeCl, 0-1 Fe+++ 
CaCl, 2 Cat+ 
MgCl, 40 Mg++ 
NaCl 100 Cl 
Na,SO, 10 SO,- 
Na acetate 5 CH,COO- 
Na trichloracetate 100 CCI,;COO- 
Na citrate 5 CgH;OF 






These results were obtained when a single salt 
was present and do not necessarily apply to mix- 
tures of salts. Thus, a mixture consisting of the 
maximum amounts of all these salts was found to 
reduce the colour intensity by approximately 4%. 
It is therefore advisable, before applying the method 
to any particular type of solution, to make certain 
that the recovery of added P is complete, even 
though the amounts of salts present do not exceed 
the limits given in Table 3. 

Not more than a trace of Cu+*+ may be present, { 
owing to precipitation of Cul with liberation of I,. 
The maximum amount which may be present was 
found to be 200yug. Cutt. 

Since As and Si produce a blue colour in the same 
way as P, the maximum amounts which may be 
present without affecting the test were determined 
and are for Na,AsO, lug. As, and for waterglass 
10 pg. SiO,. 

The method is suitable for the analysis of HCl 
extracts of residues from dry ashing or Na,CO, 
fusion. It cannot be used to distinguish between 
inorganic and organic P compounds. Several or- 
ganic P compounds were found to be hydrolysed 
under the conditions of the test. 






































SUMMARY 


A new technique has been developed for the deter- 
mination of phosphorus by molybdenum blue, using 
potassium iodide as reducing agent. The range of 
the method is 1-100yg. P. The colour is stable and 
obeys Beer’s Law closely if a correction is made for 
the faint colour present in the ‘blank’. 


The author wishes to express his thanks to Dr J. Duck- 
worth, of the Rowett Institute, for his valuable advice 
and criticism. 
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Oxidizing Enzymes and Vitamin C in Tomatoes 


By F. WOKES anp JOAN G. ORGAN, From Ovaltine Research Laboratories, King’s Langley, Herts 


(Received 18 January 1943) 


Sixteen years ago Willimott & Wokes [1926 a, b, c] 
studied the occurrence of oxidizing enzymes and 
vitamin C’in the peel and juice of citrus fruits. The 
enzymes were found to be present in highest con- 
centration in the rind. When lemon rind was being 
assayed for vitamin C, in order to avoid destruction 
of the vitamin by these enzymes, the rind was cut 
into small pieces after removal, weighed, and mixed 
with 90% ethanol to prepare a tincture for ad- 
ministration to guinea-pigs. This tincture failed to 
prevent scurvy when administered as the sole source 
of vitamin C in daily doses equivalent to 0-5-1 g. 
of the rind, although the onset of symptoms was 
slower than in negative controls, so lemon rind was 
assumed to contain only slight amounts of the 
vitamin as compared with the juice, which has a 
considerable amount. 

Later, when a satisfactory chemical test for 
vitamin C had become available, this was applied 
by Bacharach, Cook & Smith [1934] to orange and 
lemon rinds. Orange rind, which Willimott & 
Wokes [1926c] had reported to contain only mode- 
rate amounts of the vitamin, was found to contain 
a concentration of vitamin C several times that of 
the juice, whilst lemon rind also contained more 
than lemon juice. Bacharach et al. [1934] suggested 
that the discrepancy between their results and those 
of Willimott & Wokes might be due to loss of 
vitamin during preparation of the tincture, but 
made no reference to the oxidizing enzymes. 
Willimott & Wokes had drawn attention to these 
enzymes, but assumed that the use of 90 % ethanol, 
in which the enzymes would not be soluble, would 
prevent their destroying the vitamin. Only within 
the last few months has it been realized that when 
these enzymes are set free by mincing the tissues 
a considerable amount of the vitamin may be 
destroyed in a few minutes. 

In the interval between the appearance of the papers of 
Willimott & Wokes [1926 a, b,c] and that of Bacharach 
et al. [1934] Szent-Gyorgyi [1931] showed that his ‘ hexuronic 
acid’ was rapidly destroyed by an oxidizing enzyme when 
the inner leaves of cabbage were minced. Qualitative tests 


indicated that most of the ‘hexuronic’ acid had disappeared 
within 5 min. of completion of mincing. The enzyme was 
named hexoxidase because it attacked hexuronic acid, but 
since the latter is now known as ascorbic acid the enzyme 
is now known as ascorbic acid oxidase. 

Kohman, Eddy & Gurin [1931] reported that minced 
carrots lost much of their antiscorbutic activity on standing 
in air for 1 hr., but biological assays did not prove suitable 
for investigating this problem. Zilva [1934], using both 
biological and chemical methods, showed that apple juice 
contains an enzyme which destroys the vitamin C in lemon 
juice, approximately 84% being lost at pH 4-4 and 57% at 
pH3-0, both in 6 hr. at room temperature, and that, as might 
have been deduced from the findings of Willimott & Wokes, 
the juice is a less potent source of the enzyme than the peel. 
However, during the following 8 years most workers on 
this enzyme neglected fruit and concentrated on vegetables. 
Thus Ahmad [1935] showed by chemical assays that 11% 
of the vitamin C in karela was lost in 10 min. and 17% in 
20 min. when this common Indian vegetable was shredded. 
McHenry & Graham [1935] obtained similar results with 
shredded turnips, parsnips and cauliflower. Tauber, Kleiner 
& Mishkind [1935] found the enzyme in Cucurbita maxima 
and named it ascorbic acid oxidase. Hopkins & Morgan 
[1936] extracted the enzyme from cauliflower florets and 
showed that the enzyme extract would destroy about 70% 
of added ascorbic acid in 5 min. at pH 6 and 18°. It was 
apparent from their results that if the ratio of enzyme to 
ascorbic acid had been similar to that which occurs naturally 
even more rapid destruction of the vitamin would have 
occurred. Kertesz, Dearborn & Mack [1936] showed that 
when cabbage was ground with an equal weight of water it 
lost about 97% of its ascorbic acid content in | hr. and 
reported similar results, with other vegetables. Johnson & 
Zilva [1937] expressed the juice from frozen cabbage, cauli- 
flower, cucumber and marrow but found that the destruc- 
tion in 1 hr. of ascorbic acid added to cauliflower juice was 
only 33% at pH 5 and 35% at pH 7, much slower than 
the rate found by Hopkins & Morgan [1936]. They con- 
firmed Hopkins & Morgan’s findings, however, that the 
optimum pH for the enzyme is about 6, and showed that 
at pH 3-0 the activity was very slight, but at pH 9-0 still 
fairly pronounced. Stone [1937] minced vegetables con- 
taining vitamin C, and showed that in cabbage juice a loss 
of 98% of free ascorbic acid and about 63% of total 
ascorbic acid occurred in 5 min. Like Kertesz e¢ al. [1936] 
he found that the rate of destruction in spinach was much 
slower. Lampitt & Baker [1942] observed that when orange 
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peel was minced and allowed to stand, 17% of the ascorbic 
acid was destroyed in 3 hr. and over 90% in 22 hr. Similar 
results were obtained with cabbage. The destruction of the 
vitamin was attributed to an oxidase. Pyke [1942] showed 
that the rate of destruction was increased by dividing the 
tissue more finely and thus liberating the enzyme sooner. 
In finely shredded cabbage as much as 32% of the vitamin 
was destroyed in 5 min., but in swedes the rate of destruc- 
tion was lower. Lampitt, Baker & Parkinson [1942] con- 
firmed and extended Pyke’s results, finding a 40% loss in 
1 min. and a 60% loss in 7 min. Wokes & Organ [1942] 
found similar losses in minced green tomatoes. 


EXPERIMENTAL 


Ascorbic acid oxidase appears to be present in highest 
concentration in green vegetables and in the skin of fruits. 
Ebihara [1938] reached the same conclusion. We selected 
tomatoes for our experiments, obtaining them from three 
sources: King’s Langley (outdoor), Elstree (greenhouse), 
Wilmslow, Cheshire (outdoor and greenhouse). Vitamin C 
was estimated by the dye micro-titration method as de- 
veloped by Harris & Olliver [1942], using precautions 
described below. Some results on coloured solutions were 
checked by the potentiometric method of Harris, Mapson 
& Wang [1942]. Tests for oxidizing enzymes were applied 
as described by Willimott & Wokes [19266] both to the 
tissues themselves, and to aqueous extracts prepared by 
grinding the tissues in a glass mortar with a special fine 
grade of quartz sand made by Mr A. L. Curtis of Chatteris. 
pH determinations were made with the glass electrode. 


Oxidizing enzymes and pH 


In unripe tomatoes oxidizing enzymes occur in the 
highest concentration in the skin; the flesh and seeds con- 
tain less, and the juice very little. In ripe tomatoes the 
concentrations appear to be similar to those in unripe 
tomatoes, but slightly lower. 

The pH of the skin of unripe tomatoes was found to be 
high, ranging from 8-5 to 9-6 in samples examined within 
a few days of picking. When green tomatoes are kept for 
several weeks the pH of the skin may, under certain con- 
ditions, fall slightly, but if ripening proceeds normally the 
skin seems always to remain alkaline. In making pH de- 
terminations on the skin of ripe tomatoes it is important 
to remove all the flesh, which is acid. 

The juice of tomatoes appears always to be acid. That 
of unripe tomatoes ranged from pH 3-9 to 5-0 (average 4-4), 
and of ripe tomatoes from pH 4-2 to 4-5. In the flesh the 
reaction changes from alkaline to acid during ripening. In 
firm green unripe tomatoes the pH of the flesh ranges from 
8-4 to 9-0. When such tomatoes are ripened after picking 
either in the dark or in the light the pH gradually falls to 
between 4-6 and 5-5, a range similar to that of the flesh of 
tomatoes ripened on the plant. 

These findings suggested that the rate of destruction of 
vitamin C by ascorbic acid oxidase would be most rapid 
in the skin, where the concentration of oxidase is highest 
and the pH most favourable, and slowest in the juice, where 
the reverse conditions prevail When whole tomatoes are 
minced the pH of the mince depends largely on that of the 
flesh. Since the flesh is alkaline in unripe, and acid in 
ripe tomatoes, the rate of destruction of the vitamin in 
minced whole tomatoes should be more rapid in the unripe. 
These suppositions have been verified. 
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Rate of destruction of ascorbic acid in 
different parts of the tomato 


The precautions adopted are as follows: the skin was 
removed in small pieces with a stainless steel knife from 
four green tomatoes of similar weight and from the same 
source. Each pieceywas immediately either immersed in a 
freshly prepared solution of HPO, containing 25 g./100 ml. 
in a tared weighing bottle or alternately in one of two 
empty weighing bottles labelled respectively ‘control’ and 
‘experimental’. The three bottles were weighed to deter- 
mine the amount of skin in each; the skin from one of the 
empty weighing bottles was transferred quantitatively to 
a glass mortar with quartz sand and distilled water. Ata 
given time grinding was begun, and it was continued for 
the required time, say 5 min., further quartz and water 
being added as necessary. Exactly 5 min. after grinding 
commenced HPO, solution was added to stop the action 
of the oxidase; the contents of the mortar were pressed 
through muslin; the mass was returned to the mortar and 
extracted twice more with acid and water, and the com- 
bined extracts and washings made up to 100ml. At the 
start of the grinding HPO, solution had been added to the 
control. The contents of the control bottle and of the bottle 
which initially contained acid were extracted in the same 
way, each being made up to 50 ml. and the ascorbic acid 
content determined. The concentration of ascorbic acid in 
the skin of the control was assumed to be the same as that 
in the experimental skin when grinding commenced. This 
procedure is necessary because with skin an appreciable 
amount of ascorbic acid may be lost merely on standing, 
through the action of oxidase liberated when the skin is 
removed. In the above experiment 19% of the initial 
ascorbic acid was lost in the skin whilst standing for 
30 min. Of the remainder, 98% of the free ascorbic acid 
and 95% of the total ascorbic acid were destroyed during 
the 5 min. grinding. 

There are several possible sources of error in this tech- 
nique, but consistent results were obtained in a series of 
26 experiments, summarized in Table 1. The rate of de- 


Table 1. Rate of destruction of vitamin C by oxidase 
liberated on grinding different parts of tomatoes 
with quartz sand 











Period Skin Flesh Whole 
Be oy M.S a 
grinding Unripe Ripe Unripe Ripe Unripe Ripe 

min. % % % % % % 

1 67 47, 50 — — _— 

2 69 76 38 26 46,23 — 

3 S4 _ — = -— 6 

5 98 99 _ — a 27 

10 _— —_ 64 48 — —_ 

12 — — Juice _- 29 

15 — — 64 — 95 33 

20 —_ — — 19 _: — 

30 - 37 

60 _ — — — — 45 

120 — — — 14 = 71 

20 hr. 95 





The results represent percentage of vitamin C destroyed 
by grinding for the given time. ; 

All results obtained on the juice and whole tomato in- 
cluded seeds except the 120 min. sample of ripe juice. 
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struction was most rapid in the skin and slowest in the 
juice. When the seeds were removed from the juice before 
grinding the rate of destruction of the vitamin was still 
further reduced because of the removal of the seed oxidase. 
When whole tomatoes were ground with quartz sand or 
minced, the rate of destruction was more rapid in unripe 
tomatoes, and intermediate between that for the skin and 
that for the juice. Moreover, when green tomatoes were 
sliced the rate of destruction of the vitamin decreased as 
the slices were cut coarser [Wokes & Organ, 1942]. All 
these findings suggest that the rate of destruction of the 
vitamin depends on the concentration of oxidase in the 
tissues and the rate at which this is liberated by mechanical 
disruption of the cells. 

When weighed amounts of skin were ground with quartz 
and a known amount of ascorbic acid in phthalate buffer 
at pH 4 the rate of destruction of the ascorbic acid became 
slower as the ratio of oxidase to ascorbic acid was decreased. 
When the relation between the oxidase and the ascorbic 
acid was such as would occur when the skin of a tomato 
was ground with the whole of the flesh and juice, the rate 
of destruction was similar to that found when grinding 
whole ripe tomatoes (e.g. 20% destroyed in 5 min., 45% 
in 30 min.). This was further confirmation of the validity 
of the above theory. 


Sampling of tomatoes 


If the pieces of tomato are too large and skin is present, 
there may be destruction of the vitamin inside the tissue 
before the acid can reach and inactivate the enzyme. We 
used samples of 3-10 g. for whole tomatoes or their flesh, 
and 0-5-3 g. for the skin. These samples were cut up into 
small pieces under HPO, solution, using a stainless steel 
knife, and then ground with the quartz sand. Since only 
a portion of the tomato is used for each assay this raises 
the question of sampling. As will be seen later, the con- 
centration of vitamin C may vary by several hundred % 
in different parts of the same tomato. The accuracy of our 
sampling procedure was tested by analysis of replicate 
samples, and determining the percentage standard devia- 
tion or coefficient of variation of a single assay result. The 
average results thus obtained on over a hundred samples 
are summarized in Table 2. Apart from the incubated 


Table 2. Sampling errors in vitamin C 
estimations on tomatoes 
Coefficient of variation for the 


estimation of vitamin C 
in a single sample 
eames Neen 





Part of fruit i ~ 

assayed Unripe Ripe _Incubated 
Whole 58 5-1 8-8 
Skin 3-1 3-6 7-2 
Flesh and juice 8-2 7:8 — 


tomatoes, the results from which are subject to special - 


errors to be considered later, these results indicate that in 
sampling whole tomatoes our average coefficient of varia- 
tion for the mean of two assays was about 4. When com. 
paring results on the same tomato we therefore considered 
a difference of 8% significant (p=0-95). Very little in- 
formation is available regarding the sampling error when 
estimating vitamin C. Olliver [1938] quotes results on 
duplicate samples of strawberries giving coefficients of 
variation of 6-1 for unripe and 2-9 for ripe red fruit, which 
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are of the same order as our own sampling errors for 
tomatoes. 

We also considered how much of the so-called sampling 
errors might be due to titration errors. At least four titra- 
tions were done on each sample, the end-point usually 
being checked by two observers. From the results of many 
hundreds of titrations we concluded that differences be- 
tween two assay results due to titration errors would be 
not more than 2%. When titrating extracts of ripe tomato 
skin we removed the pink colour by centrifuging. The 
visual results were also checked by parallel determinations 
on different samples by the potentiometric method of 
Harris et al. [1942], which gave results agreeing closely 
with visual results, the average coefficient of variation 
between the two methods being 1-7 in assays on 12 samples. 


RESULTS 


Concentration of vitamin C in different 
parts of the tomato 


Our results (Tables 3 and 4) for the estimation of 
ascorbic acid in the different, parts of the flesh, and 


Table 3. Vitamin C concentration in different 
parts of ripe tomatoes 


Distri- 
bution 
Ascorbic acid (mg./100 g.) ratio 
Wt. (skin/ 
g. Whole Skin Flesh Juice whole) 
35-4 13-7 37-9 “= —_ 2-76 
36-2 15-2 30-0 — — 1-97 
40-6 17-6 30-1 14-9 10-7 1-70 
44-8 17-9 62-4* — — -- 
55-9 17-3 25-6 _ _ 1-48 
56-9 16-0 36-2 11-0 16-9 2-26 
61-5 19-2 42-6 — — 2-22 
63-0 19-5 42-2 — —_ 2-16 
76-6 18-7 42-7 14-1 12-6 2-28 
83-4 — 29-4 —_ 18-2 — 
Mean 16-9 35-2 13-3 14-6 2-10 
8.D. of mean 1-9 6-6 — — 0-39 
Coefficient of 11-5 18-7 — —_— 18-6 


variation 
* This skin was cut off more finely than usual, and the 
result is not included in the mean. 


Table 4. Vitamin C concentration in different 
parts of unripe tomatoes 


Distri- 

bution 

Ascorbic acid (mg./100 g.) ratio 

Wt. ; (skin/ 

g- Whole Skin Flesh Juice whole) 
6-9 12-0 23-9 — — 1-99 
7:8 12-9 20-2 + — 1-58 
30-5 10-0 18-3 11-9 8-5 1-83 
52-2 23-4 50-0 _— — 2-14 
53-3 13-4 23-1 — — 1-72 
58-2 14-9 23-0 — — 1-54 
58-6 15-5 33-9 8-3 17-7 2-16 
59-0 18-1 34-0 _— — 1-88 
Mean 15-0 28-3 10-1 13-1 1-86 
s.D.ofmean 4:1 19-5 — — 0-23 
Coefficient of 27-3 37-1 — — 12-4 


variation 
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in the juice, of ripe and of unripe tomatoes, are, we 
believe, on the basis of our experiments described 
above, free from errors resulting from oxidase de- 
struction of the vitamins during the separation of 
the different tissues. 

There were wide variations from one tomato to 
another and the coefficients of variation were much 
greater than those given in Table 2, showing that 
the variation in vitamin C content of different 
tomatoes was not due to sampling errors. Never- 
theless, in any given tomato the concentration of 
vitamin C in the skin was always definitely greater 
than that in the whole fruit. The distribution ratio 
(ratio of concentration in skin to that in the whole 
fruit) ranged from 1-48 to 2-76 (mean 2-10) in ripe 
tomatoes and from 1-54 to 2-16 (mean 1-86) in un- 
ripe tomatoes. The coefficients of variation showed 
that in unripe tomatoes there was much less varia- 
tion in this distribution ratio for the skin than in 
the individual figures for skin and for whole fruit, 
showing that the factors affecting the vitamin C 
content of the skin also affected that of the whole 
fruit. Our data (Table 3) on ripe tomatoes did not 
show this so clearly, possibly because of variations 
in the conditions of ripening, of which more will 
be said later. 

Only a few samples of flesh and juice were 
examined. The vitamin C concentration in these 
is always much less than in the skin. The mean 
distribution ratios did not show any significant 
difference in vitamin C concentration between the 
flesh, juice or whole fruit. There was also no signi- 
ficant difference between the vitamin C concentra- 
tions in different parts of the flesh. On the other 
hand, the seeds both of ripe and unripe tomatoes 
contain a much lower concentration of the vitamin 
than the whole fruit. We were not able to estimate 
the vitamin C accurately in the seeds of a single 
tomato, the estimation of which is required in order 
to calculate individual distribution ratios, but data 
obtained on pooled samples from a number of 
tomatoes indicated that the mean distribution ratio 
for seeds is about 0-2. As the seeds form only about 
1% of the total weight of the fruit their contribu- 
tion to its vitamin C value is insignificant. 


Table 5. Mean distribution ratios for vitamin C 
concentrations in different parts of tomatoes 


Distribution ratios 


Wt. of part ———. 

% of whole Unripe Ripe 
Skin 34 1-86 2-10 
Flesh 0-87 0-76 
Juice } 95-96 1-00 0-78 
Seeds 1 0-2 0-2 


Distribution ratio for any given part represents concen- 
tration of vitamin C in that part divided by the concen- 
tration in the whole tomato from which the part was taken. 
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In Table 5 are given the mean distribution ratios 
for vitamin C in different parts of the tomato. 
These show a steady drop in the concentration of 
the vitamin as one proceeds from the skin inwards, 
The concentration in the skin is 2 or 3 times that 
in the flesh and juice, and about 10 times that in 
the seeds. This applies equally to unripe and ripe 
fruit. 


Factors affecting vitamin C content of tomatoes 


(a) Weight and polyploidy. Since the concentra- 
tion of vitamin C in the skin is 2 or 3 times that in 
the flesh and juice, and since the proportion of skin 
to total weight of fruit decreases as tomatoes be- 
come larger, the concentration in the whole fruit 
should diminish as tomatoes became larger. This 
was predicted by McHenry & Graham [1935] who 
suggested that it would explain why Sansome & 
Zilva [1933] had found a higher concentration of 
vitamin C in tetraploids than in diploids, the former 
being on the average smaller than the latter. 
Sansome & Zilva [1936] gave further data sup- 
porting their previous findings in regard to poly- 
ploidy and its effect on the vitamin C content, and 
did not accept the suggestion of McHenry & Graham 
that the weight of the tomatoes might be a deciding 
factor. None of these workers, however, gave the 
data for the relative concentrations of the vitamin 
in the skin and other parts of the tomato which 
were essential to test the validity of the argument. 
Rudra [1936] found 57 mg./100 g. in the skin of 
Indian tomatoes, but as the flesh of these tomatoes 
contained 39 mg./100 g., much more than was found 
in British tomatoes either by Sansome & Zilva or by 
ourselves, Rudra’s results are not applicable to the 
problem of polyploidy. 

We found that in tomatoes weighing not less than 
20 g. the skin consisted of less than 4, and usually 
less than 3%, of the total weight. If the concentra- 
tion of vitamin C in the skin is 3 times that in the 
flesh or juice, an increase from 3 to 6% in the 
proportion of skin would cause an increase of only 
6% in the concentration of the vitamin in the 
whole fruit (i.e. the concentration in the latter case 
would be 106 % of that for the former). 

The difference in vitamin concentration between 
diploids and tetraploids observed by Sansome & 
Zilva [1933] was about 68%, i.e. average content 
for diploids 22 mg./100g. and for tetraploids 
37 mg./100 g. This was a much greater value than 
the 6% which we calculate would be produced by 
doubling the proportion of skin. Actually the pro- 
portion of skin in Sansome & Zilva’s tetraploids 
(mean wt. 13 g.) would be less than twice that in 
their diploids (mean wt. 42 g.). We therefore con- 
sider that the variation in weight in Sansome & 
Zilva’s tomatoes made no significant difference to 
their conclusions regarding polyploidy. 
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The results of estimations on 29 unripe and 20 ripe 
diploid tomatoes all grown under the same conditions are 
summarized in Table 6,"and show that in unripe tomatoes 


Table 6. Vitamin C concentration in tomatoes 
of different weights 


Vitamin C (mg./100 g.) 


Range Mean 
No. of _ in wt. wt. s.D. of 
samples g. g. Range Mean mean 
Unripe 
5 0-3-11 6-6 10-6-33-3 25-0 4-0 
5 18 -26 22 12-6-28-8 21-2 2-8 
9 30 -47 39 10-5-20-7 15-1 RK 
10 50 -87 «= 62—s«13-1-27-3) 17-7 7 
Ripe 
20 36 -83 52 11-2-21-4 16-7 0-9 


weighing 0-3-11 g. the average concentration of vitamin C 
was about 34% higher than in unripe tomatoes weighing 
30-87 g. However, the difference was scarcely significant 
because of the wide variation in vitamin C content between 
tomatoes of similar weights. Hence, in order to obtain a 
conclusive answer regarding the effect of polyploidy on 
vitamin C concentration it will be necessary to control 
other factors affecting the vitamin content in order to 
reduce the variations we have disclosed. The importance 
of these factors was recognized by Sansome & Zilva [1936] 
in a further examination of the problem. We might add 
that when examining another series of diploid tomatoes 
grown in a greenhouse at Bushey we found no significant 
difference in vitamin C concentration for a weight range of 
7-59 g., and we are inclined to think that the difference of 
34% observed in our King’s Langley tomatoes was rather 
above the average. 


(b) Conditions of ripening. We were not able to 
find a significant difference in mean vitamin C con- 
centration between unripe and ripe tomatoes. Thus 
21 unripe tomatoes weighing 18-87 g. (average 
41-2 g.) had an average content of 17-1 mg./100 g. 
as compared with an average of 17-5 in 15 ripe 
tomatoes weighing 41-77 g. and averaging 51-7 g. 
These tomatoes were all grown under the same 
conditions. Green tomatoes collected from the same 
plant growing out of doors at King’s Langley were 
divided into three balanced sets of ten. One set 
was ripened in sunlight, the second in the dark at 
room temperature, and the third in an incubator 
at 37°. As the tomatoes became ripe they were 
assayed for their vitamin C content with the precau- 
tions suggested above. Table 7 shows that the vita- 
min C content of those ripened in sunshine averaged 
17-7 mg./100 g. (similar to tomatoes ripened on the 
plant) ; that those ripened in the dark averaged only 
129, and that those ripened in the incubator 
averaged only 8°5. Also the tomatoes ripened in 
sunshine tended to increase in vitamin content as 
ripening was prolonged, while those in the dark 
showed a gradual loss of vitamin after the first 
few weeks, especially at 37°. 
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Table 7. Effect of sunlight and heat on vitamin C 
content of ripening tomatoes 


mg. ascorbic acid/100 g. tomato 
Conditions of ripening 





Period of }=—~————————_—_ ———— 
ripening In ‘sunlight’ at In dark at In dark at 

days room temp. room temp. 37° 
2 — _ 11-1 

6 _— — 12-7 

8 11-4 — 10-0 

11 — 12-7 — 

14 16-0 17-6 13-4 

20 18-7 14-6 8-4 
20 — 17-3 _ 
22 —_ 15-4 _— 
22 17-6 11-2 _ 

27 17-9 8-8 6-2 
28 19-2 12-1 — 

31 14-9 — 6-5 

32 13-4 _ 6-4 
35 19-5 10-3 _ 
37 — 9-4 _— 
42 28-5 _ 2-3 
Mean 17-7 12-9 8-5 


Results are all calculated on initial weights of tomatoes 
(i.e. at beginning of ripening period). During this period 
there were gradual losses in weight, especially in the 
tomatoes ripened at 37°, in which the loss reached 30% 
after 4 weeks. 


Since these results indicated that exposure to sunlight 
affects the vitamin C content we tried the effect of exposing 
tomatoes to ultra-violet light during ripening. Green toma- 
toes from King’s Langley were irradiated daily by exposure 
to a mercury vapour lamp at a distance of 1 ft. This pro- 
vided no appreciable amount of radiation below 250myu 
and we do not think it was destroying any of the vitamin. 
In order to diminish the heating effect, the lamp was 
switched off for a few minutes every 10 or 15 min. The 
total amount of irradiation was 1 hr. on the first day, 
gradually increasing to 2 hr. on subsequent days. Unfortu- 
nately the irradiation did not produce normal ripening, 
the skins becoming deeply wrinkled and the flesh being 
softer than usual. The mean vitamin C content in the 
tomatoes after 4-7 days’ irradiation was 16-9 mg./100 g., 
no evidence being obtained of an increase in vitamin con- 
tent. Brown & Moser [1941] found the concentration of 
vitamin C in tomatoes grown in greenhouses to be only 
half that of tomatoes grown out of doors. Our data support 
these findings: five grown in the open had an average 
content of 15-2 mg./100 g. as compared with 12-6 for five 
grown in a greenhouse. The number of samples examined 
was, however, not large enough to make this difference 
significant. 

While exposure to sunlight may increase the vitamin C 
content of tomatoes, we attribute some at least of the low 
results we obtained on tomatoes kept in the dark for 
5-7 weeks to enzyme action. These tomatoes showed a 
softening of the flesh immediately beneath the skin which 
probably allowed the ascorbic acid oxidase to gain access 
to the juice. Other workers have reported increases in 
vitamin C content when tomatoes were ripened to a soft 
condition in sunlight, but our degree of softening was 
probably greater. A tomato which had been ripening in 
the sunlight for 7 weeks had a slight bruise extending from 
just beneath the skin towards the centre. When taking 
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samples we avoided the bruised part, and our two samples 
gave results of 27-4 and 29-5mg./100g. Two further 
samples taken from parts in contact with the bruise, but 
not including it, gave results of 11-3 and 14-5. In our 
opinion these results indicate the possibility of a rapid loss 
of vitamin C in bruised tomatoes by the penetration of the 
oxidase into the juice. The tomato appeared perfectly 
normal apart from the bruise. 


DISCUSSION 


Although tomatoes are not the richest natural 
source of vitamin C they possess advantages over 
the green leafy vegetables and small fruits such as 
blackcurrants and rose hips in studies relating to 
this vitamin. One of the most pressing problems, 
as pointed out by Bacharach e¢ al. [1934], is to 
explain the wide variations in vitamin C content 
found in different samples of a given fruit or vege- 
table. Bacharach e¢ al. [1934] worked with citrus 
fruits, big enough to permit the different tissues to 
be examined separately, so that the distribution of 
the vitamin could be studied. If Bacharach et al. 
[1934] had correlated their results with the previous 
findings of Willimott & Wokes on pH and oxidases 
in citrus fruits, they would not only have explained 
the low results obtained by Willimott & Wokes for 
vitamin C in citrus peels, but also have provided 
information of general interest on vitamin C in 
relation to ascorbic acid oxidase. During the pre- 
sent shortage of citrus fruits in this country toma- 
toes form an excellent alternative for investigation. 
We were able to study the occurrence of vitamin C 
and ascorbic acid oxidase in different tissues, and 
to evaluate errors due to sampling and other causes. 
Lack of such knowledge must affect the validity of 
conclusions drawn by previous workers. 

In the short season during which home-grown 
tomatoes are available conclusive evidence could 
not be obtained on all the points we investigated. 
The effect of weight and polyploidy on vitamin C 
concentration was left uncertain. Our failure to 
contirm the findings of Brown & Moser [1941] that 
tomatoes ripened out of doors contain twice as 
much vitamin C as those ripened in a greenhouse 
was perhaps due to the vagaries of the British 
climate, for we have little doubt that our out-of- 
door ripened tomatoes received much less sunshine 
than those of Brown & Moser. This lack of sunshine 
may explain why our tomatoes contained less vita- 
min C than other workers have found in tomatoes 
grown in warmer climates. The only other results 
we could find for British grown tomatoes were 
those of Sansome & Zilva [1933], whose average 
figure of 22 mg:/100 g. for diploids was higher than 
our figures of 15-18, but lower than McHenry’s 
[1935] figures of 18-36 for Canadian tomatoes, and 
considerably lower than the figure of 39 obtained 
by Rudra [1936] for Indian tomatoes. 
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In rose hips Melville & Pyke [1942] found very 
much higher concentrations of vitamin C in species 
native to the north of England and Scotland than 
in those of the south of England. Their findings, 
which were obtained on a large number of small 
samples, have been confirmed on large-scale samples 
comprising several tons of hips by Wokes, Johnson, 
Duncan, Organ & Jacoby [1942], and in other un- 
published results. Sabalitschka & Priem [1941] re- 
ported that hips growing on the north side of a 
bush contained more vitamin C than those growing 
on the south side of the same bush. All these 
findings suggest that the effect of sunshine on 
vitamin C formation in plants needs to be con- 
sidered. 

The effect of oxidizing enzymes on vitamin C also 
merits further investigation. Our results show that 
if this is not allowed for there may be serious losses 
of the vitamin. We have provided some evidence 
that when tomatoes are ripened and stored under 
conditions favouring enzyme action the oxidase 
may destroy much of the vitamin. On the other 
hand, the highest concentrations of vitamin C are 
usually found in tissues containing the largest 
amounts of oxidase, suggesting that under certain 
conditions the action of the oxidase may be re- 
versed, and synthesis of vitamin C take place. In 
this connexion our findings on the occurrence of 
oxidase in tomato seeds are of interest, since the 
seeds when examined contained no significant 
amount of vitamin C, but the latter could be formed 
by germinating the seeds in the dark. 

In our opinion exposure to sunshine and contact 
with ascorbic acid oxidase will prove to be of much 
greater importance than factors such as polyploidy 
in determining the vitamin C value of foods. 


SUMMARY 


1. Oxidizing enzymes occur in highest concen- 
tration in the skin of both ripe and unripe tomatoes. 
The flesh and seeds contain less enzyme and the 
juice practically none. 

2. The skin is markedly alkaline (pH 8-0—9-6) in 
both ripe and unripe tomatoes. The reaction of the 
flesh changes from the alkaline (pH 8-4~—9-0) to the 
acid (pH 4-6—5-5) side during ripening. The juice 
appears always to be acid (pH 3-9-5-0). 

3. When oxidase is set free by mechanical dis- 
ruption of the tissues it destroys vitamin C. The 
rate of destruction is most rapid in the unripe skin 
(e.g. 67% destroyed in 1 min.), less rapid in the 
flesh and slowest in the juice, paralleling the oxidase 
concentration and pH in these tissues. 

4. The distribution of vitamin C usually runs 
parallel with the oxidase concentration, being 2 or 
3 times higher in the skin than in the juice or flesh. 
The higher concentration of oxidase but lower con- 
centration of vitamin C in the seeds may be related 
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to the fact that vitamin C can be produced in the 
seeds by germination. 

5. Because of the variation in vitamin C concen- 
tration in different tissues and the action of oxidase 
during dissection, the sampling error is consider- 
ably higher than the normal titration error, and if 
this is not taken into account it may seriously affect 
the results. 

6. Very small tomatoes may, because of the 
higher proportion of skin, contain higher concen- 
trations of vitamin C, but the differences found in 
tomatoes grown under the same conditions were not 
large enough to discredit the findings of Sansome & 
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Zilva on polyploidy, as McHenry & Graham had 
suggested. 

7. Exposure to sunshine during ripening may 
affect the vitamin C content of tomatoes, but the 
latter is also affected by the oxidase, which may 
destroy a considerable amount of the vitamin if 
ripening takes place under conditions favouring 
oxidase action. 


We are indebted to Sir Harry Hague and Mr H. H. Jones 
for samples of tomatoes grown under known conditions, 
to Dr C. D. Darlington for kindly examining seeds of our 
tomatoes for polyploidy, and to Miss M. Payne for assist- 
ance in preparing the extracts. 
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The Anti-streptococcal Action of Iodinin. Naphthaquinones 
and Anthraquinones as its Main Natural Antagonists 
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Chromobacterium iodinum was isolated and so named 
owing to the purple, bronze-glinting pigment which 
covers its colonies on suitable solid media [Davis, 
1939]. This pigment, here termed ‘iodinin’, was 
found to inhibit the growth of certain other bacteria 
[McIlwain, 1941a]; and such may be its natural 
function. The organisms so inhibited include patho- 
gens, and the mechanism of the inhibition has now 
been studied, since the compound is highly active 
and an understanding of such processes is of poten- 
tial chemotherapeutic value. 


Iodinin (I) is the di-N-oxide of a dihydroxy- 
phenazine. The positions of the hydroxyl groups 





_— 
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are unknown but Clemo & MclIlwain [1938] have 
suggested formulae in which co-ordination or tauto- 
merism can occur, and have excluded the 2:3- and 
2:5-compounds. The N-oxidic structure has been 
confirmed by resynthesis of iodinin from the di- 
hydroxyphenazine produced by its degradation 
[McIlwain, 1943]. 


Natural antagonists of the anti-streptococcal 
action of iodinin 


Characterization of materials or conditions which 
alter the action of antibacterial agents have been 
of value in indicating the extent and limitations of 
the possible practical use of these agents. In addi- 
tion, such studies have suggested the modes of 
action of some synthetic bacterial inhibitors and 
this understanding has led to the preparation of 
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Marmite, such inhibition was produced by 1-5-2 x 
10-* M iodinin (Table 1). The relatively small differ- 
ence between these minimal antibacterial levels 
permitted the use of the more complex media in 
subsequent work; this had the advantages of con- 
venience and of making it more probable that the 
effects of reversing agents would be specific to the 
inhibitor (see p. 269). 

In contrast to the inhibition caused by acriflavine 
or by the sulphonamides, inhibition by this pigment 
was relativély little affected by a variety of natural 
products, including microbial extracts, and plant 
and meat preparations (Table 2). The testing condi- 
tions employed little excess iodinin. This thera- 
peutically valuable property may be due to limited 
distribution of materials related to the inhibitor, 
or to the type of inhibition which it produces 
[McIlwain, 19406]. Blood (plasma or corpuscles), 


Table 1. Effect of medium on inhibition of streptococcal growth by iodinin 


Todinin 
r W— = added 
Type (see p. 269) Addenda (mg./ml.) Mxl0-* 
Amino-acid (a) 0 
3 
6 
= 12 and more 


Peptone (5) or 0 
marmite (c) 
3 


”? 6 
12 

25 and more 
100 
100 
10 
10 


100 
4 100 
10 
2 10 


Medium 


” 


” 


() 


” 


+serum, 100 
” 20 
100 
20 


” ”? 
” ” 
“ +rheum, 


” ” 


oto 


” ” 


>to 
~~ 


> 


29 ” 


Growth after 


18-24 hr. 28-30 hr. 2 days 4 days 7 days 
++ ++++ ~- _ - 
+ +++ ++4++ o _ 
0 + ++4++ o 
0 0 0 0 0 

++++ -- — _ — 
+ ++++ -- -- — 
+ ++ ++++ _ — 
0 0 0 ++++ = 
0 0 0 0 0 

++++ — — — = 
0 ++ ++t+ — — 
++++4+ _ — _ 
++ ++4++ _ — 
~ ++4++ -- — — 
0 ~ t++t++ — — 
+++ +++ -- _ _ 
+ t+++ — _— _— 


+, ++, ete., are proportional to the mass of growth, judged by visual comparison (see p. 269). 


other inhibitory compounds [McIlwain, 1942]. Some 
antibacterial agents induce new nutritional needs: 
in such cases media adequate for normal growth of 
organisms but rendered unsuitable by the inhibitor 
are made adequate again by addition of further 
materials. The action of such reversing materials 
was in some cases shown to be due to single com- 
pounds which were related to specific processes 
affected by the inhibitors. Iodinin, a natural anti- 
bacterial agent of a novel type, has now been sub- 
jected to such nutritional analysis. Streptococcus 
haemolyticus has been used as test organism as it 
was the most sensitive of those previously studied. 
In a medium which was as far as possible chemically 
defined, 0-8—1-2 x 10-* M iodinin was necessary to 
prevent growth of streptococci for a period of 
6 days; in a peptone medium, and in one containing 





the most effective of the animal materials examined 
in cancelling the effect of iodinin, was required in 
quantities of about 0-2 g. to eliminate the activity 
of 5yug. of iodinin. 

The anti-streptococcal action of iodinin was not 
affected by addition of various metal salts with 
which higher concentrations of iodinin form lakes, 
nor by acid extracts of plant and animal ashes. 
Extracts of Chr. iodinum before pigmentation, and 
of other organisms insensitive to the inhibitor, did 
not antagonize its action. 

Anthraquinones. The material first found to be 
active against iodinin in quantities small enough 
to be comparable with other drug-antagonists was 
rheum, which had been included in a survey of 
pharmaceutical materials. The activity of rheum 
was shared by other members of the groups of 
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anthraquinone purgatives (Table 2) whichsuggested was removed by extraction with ether from acid 
that their anti-iodinin properties might be due to _ but not from alkaline solutions; from the acid-ether 
their therapeutically active constituents. Some of extracts it was removed by aqueous alkalies 
the active material in aqueous extracts of rheum (Table 3). This treatment also separated hydroxy- 


Table 2. Anti-iodinin activity of natural materials 


Quantity of substance (mg. or ml./ml. 
iodinin-containing medium (b))needed for:— 
(2 x 10-* M=0-5yg./ml. iodinin had been 
added to medium (5)) 
oe cca 





Complete Delayed or partial 


Material neutralization neutralization 

Blood (human) 20, 20 4 

Plasma (human) 50, 20 10, 5 

Serum and plasma (horse) 100, 20 20, 4 

Corpuscles 100 20 

Meat (ox, hot extract) (not by 100) 100, 50 

Liver (ox, hot extract; and proprietary extract) a 100, 100 
———_ —___,, 

Urine (human, 3 specimens) (not by 100, 20, 4) 

Potato, turnip (hot extracts) ” 

Beer wort (3 specimens, used in growth of Chr. iodinum for pigment formation) * 

rheum (hot extract, referred to original weight) 2, 2 0-4, 0-08 

Aloes (hot extract, referred to original weight) 0-5 0-1 

Senna pods (hot extract, referred to original weight) 5 1, 0-4 

Madder (hot extract, referred to original weight) 10 2 

Yeast, boiling extract (not by 100, 40) 40, 20 

Yeast, hot extract [Warburg & Christian, 1938] is 40, 10 

Yeast, plasmolysate (with acid ether) “ 20 

Yeast, autolysate (marmite) mo 20, 10 

. Veena pases 

Yeast, autolysate concentrates (5) active in antagonizing acriflavine inhibition (not by 100, 20, 4) 

[McIlwain, 19415] 

Escherichia coli, Proteus vulgaris, and Chr. iodinum culture filtrates and hot extracts - 


Table 3. Properties of anti-iodinin materials in serum and rheum ; 
activities of some concentrates and pure compounds 
Quantity of substance (molarities or 
mg./ml. iodinin-containing mediums 
(b) and (c)) needed for:— 
(2 x 10-* M =0-5yg./ml. iodinin had been 
added to mediums (b) and (c)) 
= 














Complete Delayed or partial 
Material neutralization neutralization 
rheum hot extract (weights refer to original rheum) 2 0-4 
rheum acid-digest (weights refer to original rheum) 0-4 0-2 
rheum ether extract of acid digest, and alkaline extracts of the ether 2 0-4 
(weights refer to original rheum) 
rheum ether extract of acid digest, and alkaline extracts of the ether 0-03 0-006 
(weights refer to extractives) 
Aloin 0-004 0-0008 
Xv — 
Anthraquinone; anthraquinone-2:6-disulphonate (not by 10-5 M) 
1:2- Dihydroxyanthraquinone (alizarin) (not by 2 x 10-* M) 
1:4-Dihydroxyanthraquinone (quinizarin) 4 to 20x10-7M 4x10-7M 
1:5-Dihydroxyanthraquinone (anthrarufin) 2x10-5M 4x10-*M 
1:8-Dihydroxyanthraquinone (chrysazin) 2x10-*M 4x10-7M 
1:2:4-Trihydroxyanthraquinone (purpurin) Not by 10-°M 10-> M 
1:2:7-Trihydroxyanthraquinone (anthrapurpurin) (not by 10-5 M) 
Serum (ox) 20 4 
X — -— J 
Serum after extraction with light petroleum (not by 100, 20, 4) 
Serum petroleum ether extract, with and without residue ” . 
Vitamin K, concentrates (not by 0-05) 0-05 


2-Methyl-1:4-naphthaquinone 0-00032; 2 x 10-° M 2-5 to5x10-7M 
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anthraquinones from the drug; the crude prepara- 
tion so obtained was active in quantities of from 
0-006 to 0-03 mg./ml. Aloin, which consists of the 
almost pure glucosides of aloe-emodin (1:8-dihy- 
droxy-3-hydroxymethylanthraquinone), was even 
more active (4 to 0-8yug. antagonizing 0-5yg. of 
iodinin). Some commercially available hydroxy- 
anthraquinones were examined, with results re- 
corded in Table 3; at least three were highly active 
(1 to 0-lyug. antagonizing 0-5 ug. of iodinin). 

Serum and compounds of vitamin-K activity. 
Anthraquinone derivatives are not known to occur 
in normal blood, and the properties of the iodinin- 
antagonizing material from this souree—which is of 
greatest importance in relation to the possible use of 
iodinin—were accordingly examined. The inhibitory 
activity ofserum was lost on digesting with acid under 
conditions which hydrolysed anthraquinone gluco- 
sides. Extraction with petroleum ether destroyed 
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antagonists, they were tested with respect to their 
power of neutralizing the inhibitory action of 
iodinin. Concentrates of vitamin K, (from grass, 
and of about 10% purity) and K, (from putrified 
fish meal) were given by Mr F. A. Robinson of 
Glaxo Laboratories, to whom I am much indebted. 
Difficulty was experienced in obtaining them in 
forms suitable for bacteriological testing and their 
activity was variable; a filtered aqueous-alcoholic 
solution of the K, preparation, at a concentration 
corresponding to 0-1 mg./ml. of the specimen, was 
however active. The water-soluble 2-methyl-1:4- 
naphthaquinone possessing vitamin K_ activity 
was next tested, and its activity found to be com- 
parable to, or greater than, those of the hydroxy- 
anthraquinones previously examined (Table 3). 
Table 4 gives details of the inhibitory powers of 
different mixtures of iodinin and the quinone. 
Growth of streptococci in the presence of concen- 


Table 4. Mutually neutralizing quantities of iodinin and 2-methyl-1:4-naphthaquinone 
Time (days) before appearance of visible growth in medium (b) containing: 


2-methylnaphthaquinone (1) 


a 
4x 10-6 2x 10-6 


i 
3 
4 


Todinin (1M) 

2x10-5 

1x10-5 

5x 10-6 

2-5 x 10-6 

1-2 x 10-6 

6 x 10-7 

3 x 10-7 and less 


the activity, but material active alone or in com- 
bination with the extracted serum could not be 
recovered from the petroleum extract. Recovery 
was attempted by washing the solid petroleum ex- 
tractives with water, alkali, or ethanol and filtering 
or autoclaving the extracts in order to sterilize 
them. Such filtration did not affect the activity of 
whole serum. Alkali did not extract an active 
material from unevaporated petroleum ether ex- 
tracts, nor was extraction of the active material 
from serum prevented by alkali. The iodinin- 
antagonists in serum are thus not hydroxyanthra- 
quinones or other phenolic or acidic compounds, 
but are fat soluble. Such solubility may explain 
the apparently limited distribution of iodinin-anta- 
gonists in natural materials, as most of these have 
been examined as aqueous extracts because hitherto, 
almost without exception, bacterial nutrients have 
been found to be water-soluble. 

One exception to the general rule of water solu- 
bility appeared relevant to the present investiga- 
tions. Woolley & McCarter [1940] showed that 
K-vitamins and 2-methyl-1:4-naphthaquinone in- 
creased growth of Johne’s bacillus. As compounds 
of vitamin-K activity exist in serum and bacteria 
[Almquist, Pentler & Mecchi, 1938] and bear some 
relation to the previously examined class of iodinin- 





1-2 x 10-7 


5 x 10-7 2-5 x 10-7 
ae 
>7 

3 


li, 


1x 10-6 
>7 
3 
1}, 2 
#,14 
z 


. >7 

aa 
i i 
trations of iodinin greater than the minimally 
effective dose, was restored by roughly proportional 
increases in the concentration of the naphtha- 
quinone which, when sufficiently high, annulled the 
effect of a saturated solution of iodinin. Solutions 
of 2-methylnaphthaquinone stronger than 10-*M 
were sometimes themselves inhibitory of strepto- 
coccal growth. 

The relatively small difference in the active con- 
centrations of the more potent hydroxyanthra- 
quinones and of 2-methyl-1:4-naphthaquinone, is 
in contrast to their activities as anti-haemorrhagic 
agents. Though structural requirements for vitamin- 
K activity are less exacting than those for most other 
types of vitamin activity, and several hydroxy- 
anthraquinones are anti-haemorrhagic [Martin & 
Lischer, 1941] the amounts of the latter needed by ° 
chicks are 100 times greater than that of 2-methyl- 
1:4-naphthaquinone, and their activities are 
thought by the authors to be due possibly to their 
breakdown products. 


7 
2 
1} 


EXPERIMENTAL 


Iodinin. A specimen of the pigment was given us by 
Prof. G. R. Clemo and for later work it was prepared by 
growth of Chr. iodinum by the method of Dr J. G. Davis 
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[1939], to whom I am indebted for practical details and a 
culture of the organism. The pigment was strongly ad- 
sorbed during sterilizing filtration, and sterile solutions 
were prepared by autoclaving weighed quantities in plugged 
tubes and dissolving in N NaOH. The pigment-was kept 
for no more than a week or two as a M/100 or M/500 
solution in M/5 NaOH, and dilutions for testing were pre- 
pared from this. With solutions of 10-4M or more, iodinin 
separated if the alkalinity fell below that of M/5 NaOH, 
and its Na salt tended to separate from the alkaline stock 
solutions. 

Media. (a) The amino-acid medium was Medium III of 
Mcllwain [1940a] containing thiolacetate and pantothenate 
concentrates. 

(6) The peptone medium was that of MclIlwain, Fildes, 
Gladstone & Knight [1939] based on glucose-peptone, with 
glutamine (4x 10-4) in place of the then unidentified 
factor. Oxoid peptone was the most dependable of those 
examined, and following the findings of p. 268 the solid 
peptone was extracted with light_petroleum for 20 hr. in 
a Soxhlet apparatus before use. 

(c) Before a suitable peptone was found, a medium was 
used consisting of (1) the amino-acids of Gladstone’s [1939] 
medium; (2) mixture A of McIlwain et al. [1939]; (3) 0-25% 
of marmite, which had previously been extracted as a 10% 
solution, 6 times with its own volume of light petroleum, 
and (4) glutamine (4 x 10-4), riboflavin (10-7M), vita- 
min B, (10-§M) and pantothenate (10-7 M). 

Organisms and conditions of growth. The test organism 
was either the Richards strain of Str. haemolyticus or a 
group G organism; other strains behaved similarly. About 
1000 organisms/10 ml. of medium were inoculated by suit- 
able dilution of opacity-standardized suspensions from 
l-day serum-agar slopes. A typical test comprised one 
tube of complete medium, others to which additions of 
different concentrations of iodinin had been made, and still 
others with further additions of varying quantities of 
materials to be examined for iodinin-antagonizing pro- 
perties. The inocula were added last, together with other 
addenda common to all tubes; incubation was at 37° and 
normally in 5% CO,-air. Records of such an experiment 
are given in Table 1 in which the + signs are proportional 
to the mass of growth, judged at intervals, by visual com- 
parison. In common with other inhibitors iodinin caused 
morphological distortion in streptococci which grew in the 
presence of partially inhibiting concentrations. On sub- 
culture such organisms gave normal streptococci. 


Natural antagonists 


Blood was collected sterilely with citrate or oxalate as 
anticoagulant and the growth occurring in its presence 
followed microscopically. When serum was separated 
sterilely its anti-iodinin activity was the same as that of 
filtered specimens. Serum fractions were sterilized by filtra- 
tion. Corpuscles were washed with saline and lysed before 
testing. . 

Anthraquinone purgatives. The crude extracts were pre- 
pared by twice heating the drugs at 100° with 20 parts of 
water. Two specimens of rheum were treated similarly; 
acid digestion was effected by refluxing 1 g. with 2N H,SO, 
(20 ml.) in N, for 1 hr., specimens for test being diluted, 
neutralized and autoclaved. Ether extraction was carried 
out 6 times on the acid digest with an equal volume of 
solvent, of which part was evaporated and part re-extracted 
with V NaOH. 
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Quinones. All were commercial specimens; those found 
active were repeatedly crystallized from aqueous ethanol. 
Solutions of the less soluble ones were prepared by dis- 
solving in a little ethanol, adding this to a large volume of 
hot water, and were sterilized by autoclaving. Vitamin K, 
concentrates (5 mg.) were dissolved in ethanol (5 ml.), water 
added. to about 60% (by vol.) and the solution sterilized 
by filtration, and washed through the filter with a little 
ethanol. 


DISCUSSION 
Modes of action of iodinin and its antagonists 


The antagonistic quinones. The manner in which 
the quinones act was considered in relation to four 
known types of in vitro relation between anti- 
bacterial agents and substances which antagonize 
them, viz. (1) reaction between inhibitor and anta- 
gonist in absence of the organism [cf. Oxford, 1942]; 
(2) interaction which takes place only in presence 
of the affected organism; (3) the anti-inhibitor 
action of substances which promote growth under 
the conditions of testing [McIlwain, 194165; 1942] 
and (4) other cases, in which it must be concluded 
that the antagonist is more specifically related to 
the process of inhibition. 

Iodinin antagonism is not by mechanism (3), as 
streptococcal growth was optimal during testing 
on media (b) and (c), and similar results were ob- 
tained in three distinct media; the varied inactive 
addenda of Table 2 also confirm this. With respect 
to (1) and (2), six batches of medium (bd) of final 
vol. 50 ml. were prepared, all of which had a con- 
centration of 10-'M with respect to iodinin and 
2-methylnaphthaquinone. Of these, two (A) were 
inoculated and incubated normally; two (B) were 
incubated with (A) but not inoculated, while two 
(C) were immediately extracted 3 times with 3 ml. 
CHCl,. On the second day, (A) and (B) were simi- 
larly extracted, all the extracts were dried (Na,SO,) 
and were compared colorimetrically with standard 
iodinin solutions. The red iodinin colours of (B) 
were 95-100 % of (C) and of the original iodinin 
but (A) was less than 10% of these. 2-Methyl- 
naphthaquinone was also extracted but did not 
obviate these conclusions. 

Interaction (1) can therefore be excluded but that 
postulated under (2) does occur. The disappearance 
of pigment is probably due to reduction, for although 
dihydroxyphenazine or other reduction products 
were not isolated, phenazine and N.N’-dihydro- 
phenazine were separated from a similar experiment 
in which phenazine di-N-oxide [McIlwain, 1943] 
was used in place of iodinin. Dihydroxyphenazine 
and dihydrodihydroxyphenazine derived chemically 
from iodinin did not affect growth of streptococci 
when added to the test media in concentrations of 
10-5 to 5x 10-4M. Reduction may therefore be 
the mode of inactivation of iodinin; it was some- 
times found to be less active anaerobically. Iodinin 
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(10-5 M) was also changed to yellow non-inhibitory 
material on incubating with thiolacetate (1/100; 
but not by M/500) or with ascorbic acid (M/500; 
not by M/5000), though these interactions are not 
comparable with such processes as cause inactiva- 
tion of iodinin by 10-* to 10-7M solutions of 
quinones—not themselves reducing agents—which 
can take place only in the presence of bacteria. 
Pyocyanin (10-5 M; not 2 x 10-§ M) and methylene- 
blue (5 x 10-*M; not 10-*M), however, also anta- 
gonized iodinin. 

The peculiarity of the antagonistic quinones then 
lies (a) in their greater potency than other redox 
systems, (b) in the probability that compounds with 
vitamin-K activity are responsible for the anta- 
gonistic action of serum, and (c) in the fact that the 
quinones are not known to function in a manner 
comparable with that of e.g. methylene blue or 
pyocyanin in other redox systems; conversely, the 
extracts examined for anti-iodinin activity con- 
tained many other natural carriers, but of these the 
quinones proved to be outstanding as regards 
iodinin-antagonism. 

Streptococci and other organisms growing in the 
presence of sub-inhibitory concentrations of iodinin 
destroyed it. In such an experiment with strepto- 
cocci and phenazine di-N-oxide, phenazine was 
again isolated. Such destruction is, therefore, a 
normal behaviour of growing streptococci; the 
special property of the antagonistic agent is to 
allow this growth in the presence of higher concen- 
trations of iodinin. 

Iodinin action. That such low concentrations of 
iodinin are anti-streptococcal makes it probable 
that it interferes with specific processes in the inhi- 
bited organisms. The more potent of its antagonists 
are structurally related to it, and their interaction 
with it and the organism may be similar to that 
suggested for other structurally related groups of 
inhibitory and antagonistic agents, e.g. for various 
amino-sulphonic and amino-carboxylic acids [MclIl- 
wain, 1942], for related amino-acids [Gladstone, 
1939], and for indole acrylate [Fildes, 1941], 
naphthalene acrylate [Erlenmeyer & Bloch, 1942] 
and tryptophan. The case of iodinin is most 
like the first of these instances in that the shape 
and polarity of the antagonist molecule is very like 
that of the inhibitor, except that different atoms 
are substituted in important groups. If the sugges- 
tions which have been made in the above instances 
are adopted, a working hypothesis concerning 
iodinin action must assume the existence of ‘sites’, 
e.g. in essential enzymes, with which iodinin forms 
a type of combination involving N-oxidic groupings. 
Presumably it is essential to normal growth that 
these sites should be involved in the reaction of e.g. 
the essential enzyme with compounds similar to 
those quinones which are known to be antagonists 
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of iodinin; but a sufficiently high concentration of 
iodinin must be able to displace the quinones and 
thus to inhibit growth. 

The interaction between 2-methyl-1:4-naphtha- 
quinone and iodinin is competitive within the limits 
of accuracy of Table 4, the quantity of iodinin 
necessary for complete inhibition of bacterial 
growth being 10 to 20 times that of the coincident 
naphthaquinone. Such an observation is consistent 
with the above hypothesis, but is not essential to it 
(ef. Clark, 1937). Though an observation such as 
this is explicable on the basis of other hypotheses, 
it is a phenomenon occurring in at least five of the 
instances quoted above. The hypothesis supposes 
that the quinones displace iodinin, thus allowing 
growth and bringing about destruction of the inhi- 
bitor; but alternatively streptococci with the aid 
of the quinones may change iodinin and so allow 
growth to be resumed. If iodinin can become 
attached to systems concerned with hydrogen trans- 
port in the organism, these alternatives, and those 
of (2) and (4) in A, above, approximate to one. 

The structural relationship between iodinin and 
the antagonistic quinones has been used as a model 
in the preparation of quinoxaline di-N-oxides re- 
lated to compounds of anti-haemorrhagic activity 
[McIlwain, 1943]. The di-N-oxides were in all cases 
found to be inhibitory at concentrations at which 
their parent quinoxalines were inactive, though 
these concentrations were greater than those re- 
quired in the case of iodinin. 


SUMMARY 


1. Iodinin, the di-N-oxide of a dihydroxyphena- 
zine, partly inhibited growth of streptococci in 
concentrations of 3 x 10-7M and completely inhi- 
bited it at 1-2 to 2x 10-*M. Phenazine di-N-oxide 
also displayed inhibitory action, but higher concen- 
trations of it were necessary. 

2. Extracts of a wide variety of plant, animal 
and microbial materials had relatively little in- 
fluence on the inhibitory action of iodinin, but a 
few annulled its action and this was probably due 
to their containing anthraquinone and naphtha- 
quinone derivatives. Pure hydroxyanthraquinones, 
and 2-methyl-1:4-naphthaquinone antagonized 
iodinin (2x 10-*M) in concentrations of from 
5x 10-7 to 5x 10-*M. 

3. When organisms overcame the inhibition due 
to iodinin and phenazine di-N-oxide, in the presence 
or absence of the quinones, the N-oxides were 
destroyed, probably by reduction. Some other 
hydrogen-transporting systems and reducing agents 
also caused destruction of iodinin and allowed 
growth of the organisms, but these agents were 
needed in higher concentrations than was necessary 
in the case of the antagonistic quinones. 
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4. As no interaction between the N-oxides and 
quinones occurred in the absence of the organisms, 
the quinones must have participated to some degree 
in the metabolism of the latter. The participation 
may be no more intimate than that of being con- 
cerned with hydrogen transport, but the structural 
similarity between the N-oxides and quinones sug- 
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gests that the two classes of compounds may func- 
tion at common sites in the organism, and that the 
action of iodinin may be to inhibit systems normally 
concerned with such quinones. 


I am greatly indebted to Mr D. E. Hughes for assistance 
throughout these investigations. 
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Factors Influencing the Nucleoprotein Content 
of Fibroblasts Growing in vitro 


By J. N. DAVIDSON anp CHARITY WAYMOUTH, From the Biochemical Laboratory, 
Physiology Department, The University of Aberdeen 


(Received 21 January 1943) 


Since Carrel [1912] first showed that the growth of 
tissue cultures in vitro could be stimulated by means 
of extracts of embryonic tissue, and that cultures 
could be maintained apparently indefinitely in such 
extracts, much speculation has arisen as to the 
chemical nature of the constituents of embryo juice 
responsible for the stimulation of cellular prolifera- 
tion. Baker & Carrel [1926] came to the conclusion 
that activity lay in the protein fraction, and ob- 
tained active materials by precipitation of these 
with ethanol or CO,. Rejecting the theory that 
embryo juice contained a specific hormone for cell 
proliferation, they later suggested [Carrel & Baker, 
1926] that growth-activating substances are not 
preformed in embryo juice but are continuously 
made from its protein, perhaps in the cells of the 
cultures themselves, as the result of enzyme action. 
In support of this suggestion they pointed out that 
proteoses and higher protein degradation products 
have very potent growth-promoting properties, an 
observation which was confirmed and extended by 
Willmer & Kendal [1932]. Needham [1931] also 
rejected the view that any one particular factor was 
responsible for the growth-promoting properties of 
embryo juice, which he regarded as ‘a special collo- 


cation of the right nutrient substances probably 
protein break-down products’, but later [Needham, 
1942] he did not exclude the participation of ‘some 
carrier substance of nucleotide type’. However, 
Fischer [1939; 1940] prepared a very active growth- 
promoting factor from beef embryos by isolating 
the nucleoproteins. The activity seemed to be 
located in the nucleoprotein fraction containing the 
ribonucleic acids, but repeated reprecipitation of 
the nucleoproteins resulted in loss of activity. In 
the active fractions the phosphorus content was 
higher than could be accounted for by the nucleic 
acid content. Some active fractions contained 
sulphur, probably derived from chondroitin or 
mucoitin sulphuric acid complexes precipitated 
with the nucleoproteins. The presence of ribonucleic 
acids in rapidly growing tissues is now well recog- 
nized [Caspersson & Schultz, 1939; 1940; Mitchell, 
1940; Schultz, 1941], and the nucleoproteins of 
several different embryonic tissues have been shown 
to contain ribonucleic acids [Davidson & Way- 
mouth, unpublished results]. 

By the term ‘growth’, applied to cells in-vitro, as 
distinct from mere survival of the cells with or 
without cell migration and even cell division, is 
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meant cellular proliferation with the formation of 
new protoplasm. A number of criteria of growth 
have been suggested, e.g. the area of the culture 
[Ebeling, 1921], the mitotic index [Willmer & 
Kendal, 1932], the mass of the culture [Meier, 1931; 
Laser, 19336; Wilson, Jackson & Brues, 1942], its 
metabolic activity [Meier, 1931; Laser, 1932; 1933a; 
Lipmann, 1932; 1933] or the nucleoprotein content 
[Willmer, 1942] as determined by chemical esti- 
mation of the nucleoprotein P (N.P.P.). The last has 
appeared to us to be most satisfactory although, as 
Willmer [1942] points out, it suffers from the defect 
that nucleic acid or nucleoprotein is a cytoplasmic 
constituent in some tissues [cf. Caspersson & 
Schultz, 1940]. Moreover, its chemical determina- 
tion is based on the assumption that when a tissue 
has been extracted with fat solvents and with 
dilute acid, the residual P is all present as nucleic 
acid. Some may be present as phosphoprotein P 
[Plimmer & Scott, 1908], but the amounts of this 
in most tissues, including embryonic tissue, is very 
low [v. Euler & Schmidt, 1934], or negligible 
[Masing, 1911]. 

The work of Brues, Tracy & Cohn [1942] with 
radioactive P, suggests that the above assumption 
may not be fully justified for all tissues, but in 
agreement with Willmer we have found that the 
estimation of the ‘nucleic acid phosphorus’ pro- 


vides a satisfactory index of growth in the case of 
cultures from the embryo chick heart. 


MATERIALS AND METHODS 


As reported in a preliminary communication 
[Davidson & Waymouth, 1942] we have employed 
the general technique described by Willmer [1942], 
involving the use of constricted roller tubes made 
of Pyrex glass. 


General. All the tests have been carried out with fresh 
explants from the heart of the 9-day chick embryo. No 
experiments have been carried out on cultures maintained 
as a pure strain. This must be kept in mind when con- 
sidering the results. Plasma was obtained from young 
cockerels. The Tyrode solution used had the composition 
described by Willmer & Kendal [1932], and was sterilized 
by filtration through a Berkefeld candle. Chick embryo 
extract was prepared by pulping 9-day chick embryos in 
sterile graduated centrifuge tubes with an equal volume of 
Tyrode solution, freezing, thawing, centrifuging, and pipet- 
ting off the supernatant fluid into sterile storage tubes. 
This concentrated extract (total N=40-60 mg. %) was 
suitably diluted before use. 

Control experiments. As the composition of plasma is 
variable, direct comparisons of the effects of two substances 
on the tissue N.P.P. are made only where control and test 
series are grown in plasma from the same sample at the 
same time. For a similar reason, when embryo extract 
with and without some supplement is tested, comparisons 
are drawn only when a single sample of extract is used 
throughout. The effect of any lack of uniformity, due to 
inherent variations in potential growth capacity between 
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different hearts, is reduced by using in each test pieces 
from a mixed sample from 6 to 8 hearts. 

Preparation of explants. Each of the embryo hearts was 
cut up into 20-30 small and approximately uniform pieces 
according to the usual aseptic tissue culture technique [ef. 
Strangeways, 1924]. Six pieces of tissue were implanted in 
0-2 ml. sterile plasma in each roller tube. The tubes were 
set aside until the plasma had clotted and 0-5 ml. Tyrode 
solution was then added. The tubes were stoppered with 
sterile rubber bungs, and mounted on a drum which 
rotated, by means of a small electric motor, in the incubator 
at 38° at a speed of 1 revolution/min. With each revolution 
the fluid washed over the growing cultures. 

Six to eight of the tubes contained a plasma clot but no 
tissue, and served as plasma blanks. The remainder contained 
6 pieces of tissue each. Asthedrum carried a total of 20 tubes, 
each test involved the use of some 70-80 pieces of tissue. 

Technique of experiments. The tubes were rotated, with 
Tyrode solution alone as fluid phase, for 2 days to allow 
traces of growth-promoting substances present in the fresh 
tissue pieces to be used up, and to allow the cultures to be 
as uniform as possible before addition of test materials. 
The ‘residual growth energy’ is reported by Trowell & 
Willmer [1939] to be exhausted after this time. The tubes 
were then opened and the fluid phase (Tyrode+serum+ - 
metabolic products) sucked off. The test proper then began. 

To each tube was added Tyrode, embryo extract, or 
test substance, or a combination of two or three of these, 
the total volume being 0-5 ml. As many duplicates as 
possible were set up. The tubes were re-stoppered ‘and 
rotated for a further 3 hr. to allow the fluid to permeate 
the plasma clot. Some of the tubes were removed at this 
time (time =0) to give figures for the initial value of N.P.P. 
The remainder were allowed to run for a further period of 
time, usually 2 days (time =?). i 

At ‘time t’ the tubes were removed. By means of a 
projectoscope, images of the cultures could be either out- 
lined on paper and the areas 
subsequently determined with 
a planimeter, or recorded in 
silhouette on Ilford Reflex 
Document paper, although the 
curvature of the roller tubes 
made very accurate projection 
impossible. 

Estimation of nucleic acid 
phosphorus. The method of 
Willmer [1942] was again fol- 
lowed. The roller tube became 
a test tube, and lipid P and 
acid-soluble P were extracted 
by ethanol-chloroform and 
0-1 N HCl respectively, accord- 
ing to the procedure of Beren- 
blum, Chain & Heatley [1939]. 

The tissue remained in the 


-plasma clot throughout this 


process. It was then ashed in 
the roller tube with 0-15 ml. 
70% perchloric acid, and P was 
determined by the ultra-micro- 
method of Berenblum & Chain 
[1938]. As originally described, 
the method is time consuming, since each estimation must 
be done individually, but we have devised a new type 
of mixing vessel (Fig. 1) which saves time by allowing 


Fig. 1. Mixing vessel for 
phosphate estimation. } 
actual size. 
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a large number of estimations to be done simultaneously, 
A battery of seven (or more) of these vessels is set up 
in a rack so that at least six estimations and one standard 
can be carried through at the same time. The reagents are 
pipetted into the cup on the short limb and are transferred 
to the bulb by gentle suction applied to the long limb. 
After mixture of the aqueous and butanol layers in the 
bulb, the aqueous layer settles out and can be sucked off 
through a capillary pipette inserted into the bottom of 
the cup. The blue alcoholic layer is finally poured from the 
cup into a small tube graduated at 1 ml., and the colour is 
read off either in a colorimeter against a standard prepared 
simultaneously, or in the Hilger Spekker Absorbtiometer 
with micro-cups. 

The figure for the N.P.P. in the tissue alone is determined 
by subtracting the appropriate plasma blank from the 
n.P.P. figure for each tube containing tissue. The index 
(100Y)/X gives an indication of the increase in N.P.P. 
relative to the amount originally present where X and Y 
are the figures for the N.p.P. at ‘time 0’ and ‘time ?¢’ 
respectively. 

RESULTS 
Tyrode solution alone as fluid phase 


In agreement with Willmer [1942] we find a drop 
in N.P.P. in the course of the experiment (Table 1). 
In 23 different experiments the average figure for 
the initial N.P.P. was 1-28 yg./roller tube (after sub- 
traction of appropriate plasma blanks). After 
2 days the n.P.P. had fallen to 1-13yg. (Table 1). 
No significant alteration in N.P.P. occurred in the 
tubes containing plasma and Tyrode without tissue. 


Table 1. Changes in N.P.P. (nucleoprotein P) in 
roller tubes containing Tyrode solution alone as 
fluid phase 


All tubes run for 2 days with Tyrode solution alone 
before test begins. Fresh Tyrode then introduced (time 0) 
and initial N.p.p. measurements made. Final N.P.P. esti- 
mation carried out 2 days later (time 2). 


Initial Final 
N.P.P. at N.P.P. at 
‘time 0’ ‘time t’ 
per roller __ per roller No. 
tube tube of 
pg. pg. Diff. exps. 
Tubes with 0-29+0-01 0-31+0-02 +002 26 
plasma alone 
Tubes with tissue 1-28+0-07 1-13+0-:06 -0-15 23 


(corrected for 
plasma blanks) 


It is probable that this fall is due to the presence 
in the plasma of nucleases which break up the 
nucleic acid in such of the cells as die in the course 
of the 2 days. We have demonstrated the presence 
of such nucleases in cockerel plasma and serum. 
A mixture of 0-2 ml. cockerel plasma with 0-3 ml. 
veronal-acetate buffer (pH 7-6) and 0-1 ml. 2% 
thymonucleic acid or ribonucleic acid (as Na salts) 
was incubated at 37°. At suitable intervals portions 
were treated with an equal volume of 0-25 % uranyl 
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acetate in 2°5% CCl;.COOH. The precipitate of 
unhydrolysed nucleic acid was centrifuged down, 
washed with 0-125% uranyl acetate in 1-25% 
CCl;.COOH, and dissolved in Na,CO, solution. 
Total P was determined in this solution by a modifi- 
cation of the method of Allen [1940]. Some spon- 
taneous decomposition of nucleic acids takes place 
at pH 7-6, which was allowed for by a control series 
without plasma. Both types of nucleic acid are 
hydrolysed by plasma to compounds no longer 
precipitable by the uranyl acetate reagent (Table 2), 
but the ribonucleic acid suffers more decomposition 
than the thymonucleic acid. Cockerel plasma there- 
fore contains enzymes of the nuclease type such as 
ribonuclease [Kunitz, 1940], and thymonucleode- 
polymerase [Fischer, Bottger & Lehmann-Echter- 
nacht, 1941; Greenstein & Jenrette, 1941], as well 
as nucleotidases, phosphatases, etc. 


Table 2. Influence of incubation with cockerel 
plasma on nucleic acids 


0-1 ml. 2% nucleic-acid solution (as Na salt) incubated 
with 0-2 ml. cockerel plasma and 0-3 ml. veronal-acetate 


buffer pH 7-6 at 37°. 
Hydrolysis (%) 


pee 
Ribonucleic acid Thymonucleic acid 


Time With Without With Without 
hr. plasma plasma plasma plasma 
2 12-2 6-8 0 0 
6 36-0 15-0 | 5-3 1-4 
24 74-0 20-4 20-4 7-0 


A similar fall in N.P.P. occurs during the first 
2 days after the cultures are set up, during which 
period no measurements are normally made (Fig. 2). 


Cultures 


13 set up L Tw? 


J Time se 


N.P.P 


Area in mm.? 





Days 


Fig. 2. Decrease in nucleoprotein P (N.P.P.) and increase 
in area in cultures grown in Tyrode solution alone for 
4 days. N.P.P. in yg./roller tube (plasma blanks sub- 
tracted). Area in mm.?/individual culture. 


Although the amount of nuclear material as 
measured by the n.P.P. diminishes continuously, 
the area of the cultures increases and may at the 
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Table 3. Effect of various substances on nucleoprotein P (N.P.P.) content of tissue cultures 


All cultures grown for 2 days in Tyrode solution alone before introduction of test substance and estimation of initial 


n.P.P. (X). Final y.p.p. (Y) estimation 2 days later. 


Alteration 
Material in N.P.P. 
under test Fluid phase in roller tubes pg./tube (100 Y)/X 

A Tyrode solution Tyrode solution alone -0-15 88 
B_ Chick embryo Embryo extract +0°31 120 
extract Embryo extract after exposure to heat +0-34 124 

C_ Crystalline Tyrode solution alone —0-14 87 
ribonuclease Crystalline ribonuclease in Tyrode solution (final conc. of enzyme = — 0-08 91 

9-4 mg. % 

D_ Crystalline Chick embryo extract +0-42 137 
ribonuclease Chick embryo extract + crystalline ribonuclease (final conc. =9-4 mg. %) +0-35 148 

E Crystalline Tyrode solution alone ~0:13 16 
ribonuclease Chick embryo extract +0-11 114 

(Dr Kunitz) Chick embryo extract + crystalline ribonuclease (final conc.=12-5mg.%) +0-09 114 
Tyrode solution + crystalline ribonuclease (conc. as above) —0-10 82 

F Crystalline Tyrode solution alone ~0-07 92 
ribonuclease Chick embryo extract +0-39 143 

(Dr Kunitz) Chick embryo extract + crystalline ribonuclease (final conc. =50 mg. % +0-32 157 

G Cruderibonuclease Tyrode solution alone ~ 0-09 92 
in pancreatic Chick embryo extract +0-45 136 
extracts Chick embryo extract + preparation from pancreatin +1-03 173 

H Mucinase Chick embryo extract +0-44 149 
Chick embryo extract + mucinase (final conc. of mucinase = 168 mg. %) +0-07 107 

J Mucinase Tyrode solution alone ~ 0-08 90 
Chick embryo extract +0-37 143 

Chick embryo extract + mucinase (final conc. of mucinase = 160 mg. %) +0-14 116 

K Embryo cartilage. Tyrode solution alone +0-06 106 
extract Cartilage extract + 0°35 125 

L_ Anterior pituitary | Tyrode solution alone at hth 91 
extract Pituitary extract ~0-10 86 


end of 4 days be as much as 6-10 times greater 

than it was when the cultures were first set up 

(Fig. 2) owing to the migration of cells from the 

original explant. The area of cultures from fresh 

explants is not, however, of great significance 
[Parker, 1938]. 


Chick embryo extract as fluid phase 


(a) The effect of normal extract. When the Tyrode 
solution is replaced by embryo extract, during the 
second 2 days of the test (i.e. the days of the test 
proper), very marked growth of the tissue occurs, 
accompanied by a rise in N.P.P. (Table 3B). The final 
area, instead of being of the order of 7-0sq. mm., is 
of the order of 20 sq. mm./culture. 

The rise in N.P.P. is greater as the concentration 
of embryo extract increases. The effects of different 
concentrations of embryo extract are shown in 
Fig. 3. In this case some of the tubes were allowed 
to run for a further 2 days. During this time no 
further rise in N.P.P. occurred—in fact a slight fall 
was observed (Fig. 3). All tests have subsequently 
been restricted to 2 days after addition of the test 


substances. 





“Time t” 


“Time 0” 





Days 


Fig. 3. Influence of different concentrations of embryo 
extract on the nucleoprotein P (N.P.P.) of tissue cultures. 
N.P.P. in yg./roller tube (plasma blanks subtracted). All 
cultures grown for 2 days in Tyrode solution alone before 
addition of embryo extract. Curve A: fluid phase in 
roller tube, embryo extract 30mg. % N (approx.). 
Curve B: embryo extract 10mg. % N_ (approx.). 
Curve C: fluid phase, Tyrode solution alone. The ex- 
plants used in this experiment were rather larger than 

usual, 
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(b) Effect of heat on embryo extract. It is usually 
stated that the active principles of embryo extract 
are easily destroyed by heat [Carrel, 1913; Las- 
nitzki, 1937]. 

We have examined the effect of heating chick 
embryo extract to 100° for 10 min. To minimize the 
pH changes due to bicarbonate decomposition, the 
extract, prepared by pulping the embryonic tissue 
with water instead of Tyrode solution, was divided 
into two portions, one of which was heated while 
the other was kept as a control. The salt concentra- 
tions (including bicarbonate) in both extracts were 
then adjusted by adding appropriate amounts of 
sterile concentrated saline medium. Tissue cultures 
gained as much nucleoprotein P in this heated 
material as in the unheated control extract (Table 
3B). 

(c) The effect of ribonuclease on embryo extract. In 
view of Fischer’s [1939] suggestion that the growth- 
promoting power of embryo extract is located in 
the ribonucleoprotein fraction, we have examined 
the action of the enzyme ribonuclease on the activity 
of chick embryo juice. Ribonuclease, which has 
been prepared in the crystalline state from pancreas 
by Kunitz [1940], attacks specifically the ribo- 
nucleic acids bringing about partial hydrolysis. The 
enzyme is strikingly thermostable and aqueous 
solutions can be sterilized by heat. 

Chick embryo extract incubated overnight at 37° 
with crystalline ribonuclease (prepared from cattle 
pancreas) was tested on the tissue cultures, and 
showed no diminution in activity as compared with 
control embryo extract incubated without enzyme 
(Table 3 C, D). A sample of crystalline ribonuclease 
kindly supplied by Dr M. Kunitz gave thesame result, 
even when the enzyme concentration in the roller 
tubes was as high as 50 mg./100 ml. (Table 3 E, F). 

Ribonuclease in Tyrode solution alone appeared 
to have no effect on the living cells (Table 3 C, E). 
On the other hand, crude preparations of ribo- 
nuclease, prepared by extracting commercial pan- 
creatin with 50 % acetone [cf. Dubos & Thompson, 
1938], and sterilized by heating to 100° for 10 min., 
gave a very different response. Cultures grown in 
a mixture of this medium and embryo extract 
showed a characteristic dense type of growth with 
a sharply demarcated margin. Growth appeared 
to be abundant but cell migration was not so pro- 
nounced as in the controls grown in embryo extract 
alone, which had a considerably larger area. The 
cultures grown with the addition of the pancreatic 
extract showed a much greater increase in N.P.P. 
than did the controls (Table 3G). This increased 
growth is not caused by the ribonuclease in the 
pancreatic extracts, but is due to another factor, 
the nature of which is at present under investiga- 
tion. It is destroyed by heating for 30 min. at 100° 
in feebly alkaline solution. 
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(d) The effect of mucinase on embryo extract. In 
view (1) of the large amount of mucin-like sub- 
stances in embryonic material [cf. Baker & Carrel, 
1926], (2) of the good growth-promoting power of 
embryonic cartilage extracts, and (3) of Fischer’s 
[1940] suggestion that the active principle may con- 
tain 8, we have tested the effect of a highly purified 
preparation of the enzyme mucinase [Madinaveitia, 
1941] prepared from bull testicle, to see whether 
hydrolysis of some of the muco- or sulpho-poly- 
saccharides in embryo extract affected its activity. 
We are grateful to Dr Madinaveitia for a sample of 
mucinase, which besides acting as a diffusing factor 
with hyaluronidase activity and with the power to 
reduce the viscosity of some mucopolysaccharides 
(of synovial fluid, vitreous humour, and umbilical 
cord, but not of saliva and gastric mucin), also had 
a low glucosaminidase activity. Testicular mucinase 
is stated by Meyer, Chaffee, Hobby & Dawson 
[1941] to hydrolyse chondroitin sulphuric acid, the 
mucopolysaccharides of skin, and the polysac- 
charide (or its H,SO, ester) of the cornea as well 
as hyaluronic acid. The enzyme was dissolved in 
Tyrode solution and sterilized by passage through 
a small Berkefeld candle. A slight loss in N content 
resulted but the sterile solution still retained power- 
ful enzyme activity as measured by the diffusion test 
in rabbits with haemoglobin [Madinaveitia, 1938]. 





N.P.P. per roller tube, yg. 


0 50 100 150 200 250 300 350 


Concentration of mucinase, mg./100 ml. 


Fig. 4. The effect of increasing concentrations of mucinase 
on the nucleoprotein P (N.P.P.) of tissue cultures grown in 
embryo extract. N=25 mg. % for embryo extract in all 
cases. Abscissa: N.P.P., ug./roller tube. Ordinate: final con- 
centration of mucinase in roller tube, mg./100 ml. Embryo 
extract and mucinase incubated for 2} hr. at 37° before 
being added to roller tubes. Curve A (test 74): cultures 
grown for 2 days. Curve B (test 76): cultures grown 
for 1 day. Plasma blanks not subtracted. All cultures 
grown for 2 days in Tyrode solution alone before addition 
of embryo extract and mucinase. 


Embryo extract was mixed with the mucinase 
solution, and incubated at 37° for 2} hr. before 
being added to the roller tubes. Embryo extract 
incubated at the same concentration without mu- 
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cinase served as a control. A slight precipitate 
sometimes appeared in the mucinase mixture. 

The cultures grown in embryo extract plus 
mucinase showed a smaller increase in N.P.P. than 
did the controls (Table 3 H, J). As the effect seemed 
to vary considerably with the concentration of 
mucinase, experiments were carried outin which con- 
stant amounts of embryo extract were incubated with 
increasing concentrations of mucinase. The results 
are plotted in Fig. 4. It will beseen that the maximum 
effect was obtained when the mucinase concentra- 
tions were 170-250 mg. %. In one test (curve A) 
higher concentrations were rather less effective. 


Extracts of cartilage from mammalian embryos 

We have also employed extracts made from mam- 
malian embryos, chiefly sheep embryos of 9-10 
weeks, a stage at which growth is very rapid [Gurlt, 
1847]. Cattle, pig and human embryos have also 
been used. As whole extracts prepared by mincing 
the complete embryos contained an undesirably 
large amount of blood, we have examined extracts 
from individual tissues. Embryo cartilage was 
found to give a very satisfactory extract. 

The embryos were dissected and the cartilage of 
the vertebral column, skull, pelvic and shoulder 
girdles freed as far as possible from muscle and 
connective tissue. The cartilage was minced and 
the mince allowed to stand with an equal volume of 
water overnight at 0° before being filtered through 
muslin. The filtrate was centrifuged and treated 
with } vol. of double strength Tyrode solution. To 
check the salt concentration a chloride estimation 
was carried out and final small adjustments of salt 
concentration made as required. 

Embryo cartilage extract could be sterilized by 
filtration through a Berkefeld candle, and kept 
quite well at 0° or, better, at — 30°. 

Results obtained with cartilage extract are shown 
in Table 3K. 


The effect of pituitary extract 

In view of the well-known. action of extracts of 
the anterior pituitary gland in stimulating the 
growth of young animals [cf. Young, 1941] we 
examined the effect of pituitary extracts on the 
nucleoprotein content of fibroblasts in vitro. Saline 
extracts prepared according to the method de- 
scribed by Marks & Young [1940] were kindly 
supplied by Dr F. G. Young. The salt concentra- 
tions were adjusted to that of Tyrode before the 
extracts were tested. In no case did the pituitary 
extract cause any increase in the N.P.P. of the 
cultures (Table 3L). 

This is in agreement with the findings of Trowell 
& Willmer [1939] who, contrary to Semura [1931], 
found that pituitary extracts had no growth- 
promoting power on tissue in vitro. 
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DISCUSSION 


It must be emphasized that all the tests have been 
carried out in fresh explants from the 9-day embryo 
chick heart and not on pure strains of fibroblasts, 
The term ‘fibroblast’ is used here in the usual tissue- 
culture sense of cells characterized by a network 
arrangement [cf. Mayer, 1939]. 

Willmer’s [1942] results were obtained mainly 
with chick periosteal fibroblasts, but in a few ex- 
periments with heart fibroblasts he found a fall in 
N.P.P. in Tyrode solution, while the effect of embryo 
extract was rather to prevent the fall than to cause 
a definite increase. In most of our experiments 
embryo extract produced a definite rise in N.P.P., 
and this effect was not appreciably diminished with 
extract which had been heated to 100° for a few 
minutes, or at 38° overnight. Although Carrel’s 
[1913] original emphasis on the labile nature of the 
cative principles has been supported by later 
workers, e.g. Cracium [1931], Hueper, Allen, Russell, 
Woodward & Platt [1933], and Lasnitzki [1937] 
who found a decrease in activity on incubation at 
70° for 10-30 min., recent workers have reported a 
greater heat stability, e.g. Paterson [1938]. Tennant, 
Liebow & Stern [1941] prepared in the ultracentri- 
fuge a growth-promoting fraction from embryonic 
tissue the activity of which was not diminished by 
heating at 100° for several minutes. The effect of 
heated embryo extract on the N.P.P. of pure strains 
of fibroblasts is, of course, undetermined. 

Ribonuclease attacks specificaliy ribonucleic 
acids, but its precise mode of action is unknown. 
Its action may be modified by the presence of 
protein to which the nucleic acid is bound. For 
example, Loring [1942] found that ribonuclease was 
unable to split up the nucleic acid of tobacco mosaic 
virus—a ribonucleoprotein—so long as the nucleic 
acid remained attached to the protein, although it 
could inactivate the virus by forming an enzyme- 
virus complex containing 14% enzyme. This com- 
plex could subsequently be decomposed with libera- 
tion of intact and active virus. The claim of 
Schramm [1941] that intestinal nucleases were able 
to remove the nucleic acid from the virus leaving 
the protein intact was not confirmed by Cohen & 
Stanley [1942]. Although in our experiments ribo- 
nuclease even in high concentrations has not in- 
fluenced the growth of cultures in embryo extract, 
the participation of ribonucleoproteins as growth- 
promoting agents cannot be completely excluded 
since the possibility of the reversible formation of 
enzyme-ribonucleoprotein complexes remains. 

The nature of the factor present in a ribonuclease- 
containing extract of pancreatin, which causes such 
a marked increase in N.P.P., is not yet fully eluci- 
dated. The effect produced is not merely a quanti- 
tative one. Qualitative changes in the type of 
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growth produced are also found. There is some 
evidence that the factor may be a P-containing de- 
gradation product of protein. , 

The effect of mucinase is produced only when the 
enzyme concentration is very high. Both in this 
case and in the ribonuclease experiments, the 
enzymes remained active in the roller tubes and one 
cannot therefore exclude the possibility that, in the 
case of mucinase, the lower N.P.P. found in presence 
of the enzyme might be due to a direct action of 
the enzyme on the cells, rather than an action on 
the embryo extract. These experiments do, how- 
ever, suggest that the muco- or sulpho-polysac- 
charides may be responsible for at least some part 
of the growth-promoting power of embryo extract. 


SUMMARY 


1. The effect of various substances on the nucleo- 
protein phosphorus content (N.P.P.) of fresh ex- 
plants from the embryo chick heart growing in vitro 
in roller tubes has been examined. 

2. Cultures grown in Tyrode solution alone show 
a fall in n.P.Pp. The addition of embryo extract to 
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the cultures causes a definite rise in N.P.P., and this 
rise is unaltered when the embryo extract has been 
heated to 100° for 5 min. 

3. Crystalline ribonuclease has no effect on the 
growth-promoting properties of embryo extract, 
but crude ribonuclease preparations from pancreatin 
contain a factor which causes a marked stimulation 
of nucleoprotein synthesis in the presence of embryo 
extract. 

4. Cultures grown in embryo extract to which 
mucinase has been added in high concentration 
show a smaller rise in N.P.P. than control cultures 
grown in embryo extract without mucinase. 

5. Extracts of mammalian embryos cause an 
increase in N.P.P. Sheep embryo cartilage extract 
is particularly effective. 

6. Anterior pituitary extracts are without effect 
on the N.P.P. of the cultures. 


We wish to express our gratitude to Mr E. N. Willmer 
of Cambridge for much valuable advice on tissue culture 
matters. A grant for scientific assistance from the Medical 
Research Council and an expenses grant from the Carnegie 
Trust for the Universities of Scotland to one of us (J. N. D.) 
are gratefully acknowledged. 
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A manometric method for determining the true 
sugar in blood by measuring the CO, formed by 
yeast action was described by Holden [1937], and 
compared with the Somogyi [1927] modification of 
the method of Hiller, Linder & Van Slyke [1925] for 
determining the true sugar by a subtraction of the 
reducing material present after, from that present 
before, fermentation. A method for the estimation 
of blood glucose is here described in which the CO, 
evolved by yeast action on blood is measured by a 
microdiffusion technique. The whole procedure of 
fermentation, diffusion and titration is carried out 
in the one unit, the dimensions of which are smaller 
than those of the standard unit (it will be referred 
to as no. 2 size). The results are compared with 
those obtained by the Fujita & Iwatake [1931] 
modification of the Hagedorn-Jensen method on 
the same specimens of blood. In this modification 
the blood is deproteinized with Cd instead of Zn, 
and the method is claimed to give a reliable measure 
of the true blood glucose. 

The microdiffusion conditions are different from 
the manometric, and an account is given of the 
influence of various factors before the method itself 


is described. 
METHODS 


1. Microdiffusion apparatus 


Factors influencing CO, production and absorption. 
(a) Dimensions of the microdiffusion unit. A smaller 
unit than the usual standard type was considered 
suitable. The air volume of the standard unit— 
about 32 ml.—contains appreciable CO,, and varia- 
tions are likely to affect the results. Also minute 
leaks through defective lid contacts, which do not 
appreciably affect NH, determinations, are of im- 
portance when dealing with CO,, and such are 
under better control in the smaller unit with its 
wider surface of contact. A smaller standard unit 
(no. 2) was therefore constructed with the dimen- 
sions given in Fig. 1. 

The absorption rate of volatile substances such 
as CO,, which are only slightly soluble (compared 
for example with NH;), depends largely on the 
depth of the liquid diffusion layer, and is but little 
influenced by wide variations in the area of the 
absorbing or emitting surfaces. A comparison in 
Fig. 2 is made between the CO, absorption rate for 


the larger and smaller units (curves C and D). The 
carbonate was acidified in the outer chamber, the 
fluid depth being 0-147 cm. in both small and large 
units (0-8 and 2-3 ml. respectively). The rates of 
absorption are similar particularly for the longer 
times, though the surfaces differ considerably. 





SECTION 





PLAN 


Fig. 1. Dimensions of the smaller (no. 2) microdiffusion 
unit (supplied by Messrs A. Gallenkamp, Finsbury 
Square, London, as Conway unit no. 2). 


Curves B and E (Fig. 2) represent absorption 
curves with 0-4 and 1-6ml. in the unit no. 2. 
Curve A is for 0-4 ml. with continual rotating of 
the unit (no. 2) and shows an absorption of 96% 
in 5 min. 

(b) Autofermentation. Besides the CO, coming 
from the fermentation of blood sugar, yeast 
steadily produces an appreciable quantity by auto- 
fermentation. Such autofermentation decreases 
with the age of the yeast suspension, the fall being 
most rapid in the first 24 hr. It is our custom when 
making a suspension to allow it to stand for 24 hr. 
at room temperature and then to place it in the 
refrigerator. Table 1 shows the influence of the 
age of the yeast suspension on the amount of 
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CO, produced by autofermentation from 0-5 ml. 
of a suspension (1 part in 3) of brewer’s yeast 
(Guinness). Baker’s yeast gave similar results, 
namely a marked decline in the autofermentation 
after 1 day at room temperature, and a steady fall 


% carbon dioxide absorption 





0 10 20 30 40 50 


Absorption time in minutes 

Fig. 2. Percentage absorption rate of CO, in the micro- 
diffusion unit described in Fig. 1. The lines A, B, D and E 
are for absorptions with 0-4, 0-4, 0-8 and 1-6 ml. fluid 
volume in the outer chambers, respectively. For curve A, 
the unit was continually rotated. For all these curves, 
0-2 ml. Ba(OH), was contained in the inner chamber. 
Curve C shows the absorption rate for the standard unit 
(no. 1) with 2-3 ml. in the outer chamber (giving same 
depth as 0-8 ml. in the no. 2 unit) and 1-3 ml. Ba(OH), 
in the central chamber. 


subsequently. The autofermentation in the method 
described below is equivalent to 0-03—0-06 ml. of 
N/50 acid in 90 min., but it may be somewhat 
higher, depending on the yeast strain and the condi- 
tions in which the yeast was grown. 


Table 1. Change of autofermentation with age 
im a yeast suspension 


Ageof CO, 
sus- formed 

Conditions of CO, pension (ml. V/50 
absorption days acid) 
0-5 ml. of 1 in 3 stispension of 0 0-75 
brewer’s yeast in 2-5 ml. saline 1 0-27 
in outer chamber of standard 2 0-18 
unit (no. 1); absorption into 3 0-20 
Ba(OH), in inner chamber for 4 0-09 
90 min. at room temperature 8 0-12 


The rate of autofermentation is unaffected by 
wide changes in the external pH. Additions of HCl 
to yeast suspensions to give a concentration of 
0-06 N had no appreciable effect. 

(c) Yield of CO, from fermented glucose. From 
the equation 


C,H,,0, = 2CO, + 2C,H,OH, 
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1 mg. of glucose should yield 0-489 mg. CO, corre- 
sponding to 1-11 ml. N/50 acid. As is well known, 
less than this theoretical yield is obtained. We have 
found an average of 78% with baker’s yeast and 
of 92% with brewer’s top yeast (Guinness). Van 
Slyke & Hawkins [1929] found 71-79 % with baker’s 
yeast, and Holden [1937] an average of 86% with 
a certain type of brewer’s yeast (L-Anheuser- 
Busch). 

(d) Effects of pH changes. Over the range pH 3-5, 
produced by citric acid addition, there was no 
appreciable difference. 

(e) Effect of age and nature of fluid in which the 
stock yeast is suspended. A stock baker’s yeast sus- 
pension made up as | part in 10 of 0-5% KH,PO,, 
left 1 day on the bench and subsequently stored in 
the refrigerator, showed little change in CO, pro- 
duction from glucose between 2 and 19 days. Thus, 
the recovery of CO, was 64% of theoretical on the 
2nd day and 73 % on the 19th day showing a slight 
rise with age; the fluctuation was around 70% in 
the intervening days. After 27 days there was a 
marked reduction to 53%. Other observations 
confirm the conclusion that yeast suspensions are 
serviceable for at least 2 weeks. No appreciable 
difference for about 2 weeks occurred if tap water 
or 0:-9% NaCl was substituted for 0-5% KH,PO, 
in suspending the yeast. 

(f) Variation in CO, yield from added glucose with 
different blood specimens. The standard deviation 
from the mean value of a single formation of CO, 
from added glucose was 2-4%, and 1:7% for a 
duplicate. When blood samples from different 
human subjects were used instead of samples from 
the same subject, the variation of the CO, absorp- 
tions was not significantly different (2-6%). This 
shows that varying the specimen of blood does not 
appreciably vary the CO, produced from a given 
amount of glucose. Wide variations in oxalate con- 
tent of blood were also without effect. Cow’s blood 
was found to give a result 5% lower than that 
obtained with human blood. 

(g) Comparison of CO, formation in saline and in 
blood media. We found that CO, formation from 
added glucose was a little higher when saline was 
substituted for the blood, and the variability 
greater. This could not be referred to pH effects. 
We have considered it advisable therefore to use 
the form of internal control as described below. 

(h) CO, formation in relation to quantity of glucose. 
This was expected to show a linear relation up to 
a certain level. However, the CO, yield for small 
quantities of added glucose (1 mg./ml. blood) was 
proportionally less than for larger additions (2-4 
mg./ml.). This effect was found to be suppressed by 
adding a little ethanol to the acidifying fluid intro- 
duced into the outer chamber. The total average 
CO, obtained in three sets of experiments in which 
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glucose (1-4 mg./ml.) was added to blood was 71% 
of the theoretical. After 1 mg. addition it was 70%, 
after 2 mg. 72 % and after 4 mg. 70%, which values 
differ no more from the average than might be 
expected for the sampling error. 

(i) Acidifying mixture for use in the outer chamber. 
With added ethanol the citric acid solution [Holden, 
1937] produced a viscid mixture difficult to mix. 
Accordingly, we used dilute HCl, which produced a 
pH of 4-5 in the resulting satisfactory mixture. 

(j) Preformed CO, in blood and yeast. The pre- 
formed CO, in the blood sample is rapidly removed 
on acidification and exposure to the air for 10 min. 
before yeast addition. The yeast suspension also 
contains preformed CO,, and if many determina- 
tions are carried out there may be some difference 
in the CO, content of the yeast suspension added 
to the first and last samples. This possibility is 
overcome by adding 1-5 ml. of the yeast suspension 
to the inner chamber of one or more standard units 
(each of these 1-5 ml. additions is sufficient for 
seven samples) which are left exposed to the air for 
15 min. before use. With the large surface exposed 
the preformed CO, quickly escapes leaving a small 
constant quantity dependent on the autofermen- 
tation rate. 

(k) Effect of glycolysis. The present method, like 
Holden’s, is independent of glycolysis up to 4 or 
5 hr. exposure of blood samples to room tempera- 
ture. If the samples are stored in the refrigerator 
much longer times may be allowed. 


2. Technique for determining fermentable 
sugar in blood 


(a) Solutions required: N/20 Ba(OH), with indi- 
cator. Approximately N/20 Ba(OH), containing 
5% of Universal indicator (B.D.H.). Before use 
some is run into a test-tube, and the 0-2 ml. pipette 
is dipped to the end of the tube. When half the 
solution has been used the tube is emptied and 
refilled with fresh solution. 

N/50 HCl. For use in the horizontal burette. 

Acidifying mixtures for outer chamber. (1) N/20 
HCl containing 4% ethanol. (2) N/20 HCl con- 
taining 4 % ethanol and 0-04 % glucose, which may 
be prepared by using a stock 2% glucose in 2% 
NaCl solution of which 2 ml./100 ml. are included. 

Yeast suspension. Approximately 10 g. of yeast 
are made into a suspension with 100 ml. tap water, 
left for 1 day on the bench, and then placed in the 
refrigerator. It may be used after the Ist day for 
about 2 weeks. If the suspension is made in 0-5 % 
KH,PO, it will be usable for a somewhat longer 
period. 

Fixative for the lid of the diffusion apparatus. 
Good quality vaseline may be used, but a traga- 
canth fixative [Conway & O’Malley, 1942] has also 
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been found very serviceable since it is water-soluble. 
6 g. tragacanth are ground in a large mortar 
with the slow addition of 80 ml. of water; 30 ml. 
glycerol and 4ml. N HCl are then added and 
mixed. 

(b) Procedure. Into the inner chambers of some 
standard units (no. 1 size) 1-5 ml. of the yeast sus- 
pension are introduced. They are left on the bench 
while the others are being prepared. Duplicate 
samples of 0-1 ml. blood are then introduced into 
no. 2 units, 4 units being prepared for one specimen 
of blood. Two units are also set up with 0-1 ml. 
water. To all of these, except 2 of the 4 units with 
blood from the one specimen, 0-5 ml. of the acidi- 
fying mixture is added; this is mixed with the 
blood; 0-5 ml. of the acidifying mixture containing 
glucose is then introduced into the 2 remaining 
units. 

Approximately 10 min. from the introduction 
of the acid, 0-2 ml. of the solution of Ba(OH), 
plus indicator is introduced by a simple tube- 
pipette, and each unit is closed immediately by a 
lid smeared with tragacanth fixative. Into all the 
small units 0:2 ml. of the yeast suspension is now 
introduced, which is taken from the large units after 
stirring. This introduction is also made quickly from 
a 0:2 ml. tube-pipette, and after the unit has been 
closed the contents of the outer chamber are mixed 
by rotation. After 90 min. at room temperature the 
contents of the central chamber are titrated with 
N/50 HCl from the horizontal burette to pH 7-5-8-0. 

(c) Calculation. The number of divisions on 
the burette corresponding to 1 mg. glucose/100 ml. 
blood is obtained by subtracting the mean titration 
for the 2 (of the 4) blood units which contain added 
glucose from the mean of the 2 without added 
glucose, this value being then divided by 200. For 
the remaining units the titration values are sub- 
tracted from the mean of those containing water, 
and divided by the result obtained above, giving 
the concentration as mg. glucose/100 ml. blood. 


(d) Example (1) Mean titration of units 
with added glucose 11-0 
(large divisions on burette) 


(2) Mean titration of corre- 
sponding units with- 


out added glucose... 28-0 
(3) Blank with water in- 
stead of blood 36:8 


Concentration of glucose in the blood 
__ (36-8 — 28-0) 


— i x 200 = 104 mg./100 ml. 
(28-0 — 11-0) , 


Other blood samples require the setting up only 
of duplicate units as in (2). 
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3. Range of method 


The range of the method for the blood sample 
which includes the internal control is 300 mg./ 
100 ml., but for other blood samples done at the 
same time it is 500 mg./100 ml. 


RESULTS 


Results obtained with the present method and with 
the Fujita & Iwatake [1931] modification of the 
Hagedorn-Jensen procedure on the same blood 
specimens are in good agreement. Those for the 
microdiffusion procedure are a little lower on the 
average, as might be expected, and the difference 
is more marked in the fasting subject. Table 2 gives 


Table 2. Comparison of blood sugar methods 


Hagedorn-Jensen 
method 


MICRODIFFUSION METHOD FOR GLUCOSE 
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a summary of the results. All determinations were 
made on oxalated blood, immediately after the 
specimen had been taken. 


DISCUSSION 


The present microdiffusion method involves less 
manipulation and fewer solutions than procedures 
such as the Hagedorn-Jensen, and is very suitable 
for a large number of determinations. Application 
of the method to a more complete investigation of 
the true glucose concentration of the blood, and to 
normal and pathological urines, etc., is still in an ex- 
perimental stage, but the method for blood glucose 
appears sufficiently well developed for clinical use. 

It should be noted that anti-glycolytic measures 
must not be used in collecting the blood, and that 
the method is independent of glycolysis up to 5 hr. 
at room temperature, or for one whole working day 


(modification of Microdiffusion if the specimens are stored in the refrigerator. 
Fujita & Iwatake) method 
mg./100 ml. mg./100 ml. SUMMARY 
Non-fasting eehjonts 1. A microdiffusion method is described for 
: 7 peed the determination of blood glucose using 0-1 ml. 
3 110 112 samples. A smaller microdiffusion unit than the 
4 154 157 standard is used (Conway unit, no. 2). 
6 w a 2. The results obtained are very similar to those 
— obtained with the Hagedorn-Jensen method modi- 
om 18 118 fied by substitution of the Fujita & Iwatake [1931] 
Fasting subjects procedure of deproteinization with cadmium instead 
7 106 111 of zine, and which is claimed to give a measure of 
; = = the true blood glucose. 
10 96 75 Two of us (E. O’M. and O. F.) are indebted to the Irish 
Mean 101 91 Medical Research Council for research grants. 
Weighted mean for lll 106 Our thanks are due to Messrs A. Guinness, Son & Co., Ltd., 
the two groups for their kindness in supplying samples of yeast. 
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Effect of Caffeine and other Iminazole Compounds 
on Haematins and their Derivatives 


By JOAN KEILIN, From the Molteno Institute, University of Cambridge 
(Received 2 January 1943) 


It is well known that haem combines reversibly 
with a great variety of nitrogenous substances 
[Anson & Mirsky, 1925], giving the corresponding 
haemochromogens. This reaction is recognized by 
the replacement of the reddish brown colour and 
diffuse absorption bands of haem by the red colour 
and very sharp bands of haemochromogen. 


By the analysis of crystalline haemochromogens 
[Zeynek, 1910] and by spectroscopic titration [Hill, 
1926] it was shown that haemochromogens are 
compounds of haem with two molecules of a nitro- 
genous substance. Haemochromogen is easily oxi- 
dized in air, forming, within a certain range of pH, 
the reddish brown compound of parahaematin. 
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Haemochromogen, like haem, combines with carbon 
monoxide forming a CO-haemochromogen in which 
one molecule of the nitrogenous substance is re- 
placed by one of CO, according to the following 
equation: 


Porph. Fe" 


N subst. 
N subst. 


Porph. Fe" +1 N substance. 


\N subst. 

This reversible reaction is light-sensitive, proceed- 
ing in the dark towards the right and in the light 
towards the left. Our knowledge as to the structure 
of haemochromogens can be summarized as follows. 
The four pyrrole nuclei of the porphyrin, united by 
four CH==groups, are arranged in a flat closed-ring 
system, the hollow space of which, in haematin, is 
occupied by the iron atom. Of the six covalencies 
of Fe four lie in the same plane and connect it with 
the nitrogens of the pyrrole rings, while one which 
lies above and the other below this plane connect it, 
in a haemochromogen, with the two molecules of a 
nitrogenous substance such as pyridine. One can 
see therefore that the Fe of haem will not be equally 
accessible to different nitrogenous substances which 
may react with free Fe. 

Of the nitrogenous substances reacting with 
haem, the purine caffeine (1:3:7-trimethylxanthine) 
is of special interest. Purines or pyrimidines occur 
in nucleic acids, coenzymes (pyridine-adenine di- 
nucleotide), the prosthetic group of enzymes (ribo- 
flavin adenine dinucleotide) and in adenylic acid. 
On the other hand, the iminazole ring, which occurs 
not only in purines but also in several other bio- 
logical substances, especially in histidine, was 
recently suspected to be one of the links by means 
of which globin combines with haem to form 
haemoglobin. Finally, caffeine and some other 
purines and iminazole compounds have important 
pharmacological properties. 

Although the reaction between caffeine and haem 
has twice been mentioned in the literature [D. Keilin, 
1933; Barron, 1937], the nature of the compound 
thus formed was not properly understood nor were 
the reactions of other purines in this respect ever 
recorded. 

The object of this investigation is to determine 
the nature of the reaction taking place between 
haem and other tetrapyrrolic compounds with 
caffeine and also with other purines and iminazole 
derivatives. 


MATERIAL AND METHODS 


Haemin used in this work was prepared from horse or ox 
blood by the Schalfejeff method. Caffeine was recrystallized 
from ethanol or from water. The reactions were followed 
spectroscopically, using for this purpose, according to re- 
quirements, one of the following four instruments: 
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(1) Microspectroscope ocular ‘attached to a microscope 
which enables a rapid study of solutions in layers of 
different thickness examined in a test-tube, kept at an 
angle with the microscope stage. It also makes possible 
the study of mixtures in very narrow flat-bottomed tubes 
placed vertically above the condenser of the microscope. 
As these tubes require a very small amount of material, 
they are most suitable for the study of compounds available 
only in small quantities. Finally, by means of the com- 
parative prism of the microspectroscope ocular, the absorp- 
tion spectrum of one compound can be compared with that 
of another. 

(2) Hartridge reversion spectroscope in a horizontal 
position, or attached to a microscope in place of an ocular, 
was used only for rapid determination of the exact position 
of absorption bands. 

(3) Hilger Nutting spectrophotometer was used for more 
detailed study of absorption spectra in the visible region. 

(4) Hilger quartz Spekker photometer was used for the 
study of the ultra-violet absorption spectra. 

In all curves representing the absorption spectra the 
absorption coefficient ¢« is defined as 1/cd In J,/J, where 
c is the concentration of the pigment in g. mol./ml., d being 
the length of the tube in cm., J, and J the intensities of 
incident and transmitted light respectively. 


RESULTS 


Reaction of haems and derived compounds 
with caffeine 


Reaction of caffeine and protohaem. A stock solu- 
tion of alkaline protohaematin, prepared by dis- 
solving about 12 mg. protohaemin in 50 ml. of 1% 
Na,CO, or of 0-1 N NaOH, was diluted, according to 
requirements, either with alkali or with distilled 
water. Na,S,O, reduces the haematin to haem (two 
diffuse absorption bands). A little caffeine turns the 
reduced solution from reddish brown to a distinctly 
red colour, and its two diffuse bands are replaced 
by two much stronger bands: «, 570myp and 
B, 540 mp. Both of these bands lie nearer the blue 
end of the spectrum than the corresponding bands 
of haem, and the intensity of the «-band is much 
greater than that of the £-band (Fig. 1). The y-band 
is also intensified and shifts from 385 to 413 mu. 
Moreover, the solution becomes very clear and does 
not precipitate on standing. 

The minimum amount of caffeine required to 
complete this transformation was determined by 
adding known amounts of caffeine to standard solu- 
tions of haem, and comparing it spectroscopically 
with a solution of haem containing excess caffeine. It 
was thus found that the formation of the new com- 
pound requires at least 20 mol. caffeine/mol. haem. 

Reaction of caffeine and haems other than proto- 
haem. Caffeine reacts similarly with other haems 
such as mesohaem, haematohaem and deuterohaem. 
Caffeine reinforces and shifts the visible absorption 
bands of all these substances towards the blue end 
of the spectrum and prevents the precipitation of 
these pigments. 
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Reactions of caffeine and CO-protohaem. CO- 
protohaem is much more soluble than haem, giving 
a red solution with the absorption bands at 565 and 
542 mp, which has no tendency to precipitation. 
On the addition of caffeine to CO-protohaem the 
absorption bands of the latter become more intense 
and both bands are shifted considerably towards 
the red end of the spectrum (Fig. 1), their positions 
now being «, 590 my and £, 551 muy. The solution 
has a tendency to become more cloudy and on 
standing the compound precipitates. 


0-36 









0-32 


0-28 


0-24 


Absorption coefficient x 10-8 


0-00 
6400 «66200 «6000 5800 5600S 5400 


Wave-length A. 


5200 5000 == 4800 


Fig. 1. Absorption spectra in the visible region of haem 
and CO-haem with and without caffeine. 


The minimum amount of caffeine necessary for 
this reaction was determined in the usual way, and 
it was found that 1 ml. 1-5 x 10-3 M haem solution 
in 1% Na,CO, requires for the formation of this 
compound, CO and 0-1 ml. 1:5x 10-?M caffeine, 
while the addition of 0-1 ml. 0-75 x 10-?M caffeine 
gives only about 30-40% of this compound. This 
clearly shows that its formation requires 1 mol. of 
caffeine/mol. of CO-haem. 

While a solution of protohaemin in 0-1 N NaOH, 
even when several days old, easily forms the 
caffeine CO-haem compound, the solution of hae- 
min in 1-3% .Na,CO, gives this compound only 
when freshly prepared. Such a solution after stand- 
ing for 6 hr. or overnight forms mainly or solely 
a typical CO-haem, the absorption spectrum of 
which is not modified even on the addition of a large 
excess of caffeine. In the absence of CO, however, 
it forms with caffeine the characteristic caffeine- 
haem compound described above. Although the 
old solution of haematin in Na,CO, gives typical 
haemochromogen and CO-haemochromogen com- 
pounds with different nitrogenous substances such 
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as pyridine, nicotine, etc., yet the effect of caffeine 
and CO reveals that it differs markedly from the 
original fresh haematin solution. 

That a protohaematin solution in Na,CO, does 
undergo some important changes on standing is 
also shown by two other properties: it is no longer 
soluble in a mixture of ether and acetic acid and 
it does not give haemin crystals: when treated with 
acetic acid and NaCl. On the other hand, if the haem 
solution is kept in a thoroughly evacuated Thunberg 
tube containing an alkaline solution of Na,S,O, in 
its hollow stopper it retains all the properties of 
a fresh solution of haem for several weeks. Such 
a solution, even after 5 weeks, gives the charac- 
teristic caffeine CO-haem compound with the 
a-band at about 590my. Clearly the irreversible 
changes taking place in a carbonate solution of 
haematin are oxidative, and are irreversible even 
on addition of Na,S,O, for the purpose of reducing 
haematin to haem. The caffeine-CO-haem reaction 
therefore represents one of the most sensitive tests 
for the oxidative deterioration of a haematin solu- 
tion, which can be detected even a few hours after 
its preparation. 

Reaction of caffeine and CO compounds of other 
haems. We have seen that such compounds as 
haemato-, meso- and deuterohaem react with 
caffeine showing characteristic changes in their 
absorption spectra. These haems also react with 
CO, forming the corresponding CO-haems. On the 
other hand, the addition of caffeine to these CO- 
haems hardly affects their absorption spectra, a 
fact which shows that caffeine reacts solely with the 
CO-protohaem prepared from protohaemin crystals. 

Reaction of caffeine and haemochromogens. Pyri- 
dine deuterohaemochromogen obtained by the addi- 
tion of a minimum amount of pyridine to deutero- 
haem forms the best material for the study of this 
reaction. This haemochromogen shows two very 
strong absorption bands: «, 550 my and £, 520 mp. 
On the addition of an excess of caffeine the bands 
at first become double and then the bands of 
pyridine haemochromogen are gradually replaced 
by two more diffuse but still strong bands of 
the caffeine-haem compound lying at a, 560my 
and £, 530mp. On the addition of more pyridine 
these bands rapidly disappear, and are replaced by 
those of the ordinary pyridine haemochromogen. 
These reactions give the appearance of competition 
between pyridine and caffeine for the haem. Similar 
results can be obtained by treating with caffeine 
the haemochromogens obtained from other haems 
and other nitrogenous substances. The significance 
of this reaction will be discussed below. 

Reactions between caffeine and porphyrins. Meso- 
porphyrin hydrochloride, dissolved in 0-1 % Na COs, 
gives a brownish red opalescent solution of alkaline 
porphyrin with a very characteristic diffuse absorp- 
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tion spectrum, the bands near the red end of the 
spectrum being the most distinct. On the addition 
of caffeine to this solution, the opalescence rapidly 
disappears, the solution becomes clear, its colour 
turns to salmon pink and the absorption spectrum 
now appears to be composed of sharp and distinct 
bands (Figs. 2, 3). This sharpening of the bands is 


0-32 


Absorption coefficient x 10-8 


6200 6000 5800 5600 5400 5200 5000 
Wave-length A. 
Fig. 2. 


J. KEILIN 


4800 4600 4400 


1943 


Holden considered that this reaction indicated the 
formation of a compound between porphyrin and 
globin, which suggests that ‘the porphyrin residue 
plays a part in the formation of haemoglobin inde- 
pendently of the iron’. 

This view was not, however, accepted by Hauro- 
witz & Waelsch [1929], who found that although 


) 
a 


Absorption coefficient x 10-8 
Caffeine mego porphyrin 


400-4400 «4000:««3000«—«3200 
Wave-length A. 


Fig. 3. 


2. Absorption spectra in the visible region of mesoporphyrin in weak carbonate solution 
with and without caffeine and in pyridine. 


Fig. 3. Absorption spectra in ultra-violet region of mesoporphyrin in weak carbonate solution 
with and without caffeine. 


accompanied by the displacement of the last three 
bands (II, III and IV) towards the blue end of the 
spectrum. About 20 mol. or more of caffeine are 
required per mol. of porphyrin to complete this 
change of colour and of absorption spectrum. The 
porphyrin thus modified remains, in solution even 
on the addition of a little CaC@@e Caffeine also 
affects other porphyrins such as proto- and haemato- 
porphyrin in the same way, dispersing their colloidal 
solutions and changing their colour and their ab- 
sorption spectra. Similar effects can, however, be 
obtained by treating porphyrins with solvents like 
pyridine and ethanol (Fig. 2), or with surface active 
substances such as sodium desoxycholate, sodium 
taurocholate, digitonin and sodium dodecyl] sul- 
phate which dissolve or disperse the aggregated 
molecules of porphyrin. 

The reaction of porphyrins with caffeine shows a 
great similarity to the reaction of porphyrin with 
globin. Hill & Holden [1926] found that when 
haemato- or mesoporphyrin in dilute NaHCO, is 


added to a solution of native globin, the colour of 


the porphyrin changes from orange to pink and its 
absorption bands, previously diffuse, become very 
Moreover, the solution thus 


sharp and intense. 
s¥ Hill & 


obtained is no longer precipitated by Ca‘ 


serum proteins affect the colour and the absorption 
bands of porphyrin in the same way as does globin, 
yet these proteins form no haemoglobin with haem. 
It is, on the other hand, possible that for the forma- 
tion of haemoglobin the protein must combine both 
with the porphyrin and with the iron of haem, and 
that ‘serum proteins’ fail to give haemoglobin be- 
cause in their native state they do not react with 
the iron of haem. 

Reactions of caffeine with metalloporphyrins. The 
best material for the study of this reaction is 
turacin. This pigment, described for the first time 
by Church [1870; 1892] as a copper porphyrin 
compound, was considered by Fischer & Hilger 
[1924] to be composed of copper and uroporphyrin I. 
Its structure was recently reinvestigated by Riming- 
ton [1939] who identified it as a compound of copper 
with uroporphyrin III, the natural isomer allied to 
the porphyrin of haemoglobin. 

Turacin is very soluble in weak alkalis giving a 
clear purplish red solution with two absorption 
bands: «, 562-5 mp and £, 526-0 my. On acidifying 
this solution, turacin changes its colour from pur- 
plish red to orange, and the two absorption bands 
are shifted towards the red end of the spectrum: 
a, 583mp and B, 542myp. The pigment gradually 
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aggregates until it forms a flocculent orange pre- 
cipitate. This change in colour and absorption 
spectrum takes place even if the precipitation of 
turacin is prevented by the addition of a colloidal 
protector such as 0-2-0-4% gum arabic. The ab- 
sorption spectrum of turacin in feathers is the same 
as that of its acid suspension. It was clearly demon- 
strated [D. Keilin, 1926] that the two distinct absorp- 
tion spectra of turacin are due to different degrees 
of dispersion of the pigment, the bands shifting 
towards the blue end of the spectrum as the degree 
of dispersion increases and towards the red end of 
the spectrum when the molecules of the pigment 
begin to aggregate. In fact, the absorption spec- 
trum of turacin in acid ethanol and in aqueous 
alkaline solution is the same. 

The dispersing properties of caffeine can therefore 
easily be tested with turacin. For this purpose a 
red feather of a Turaco bird is washed in ether and 
immersed in a very weak solution of ammonia, 
giving a characteristic purplish red turacin solution. 
On acidifying this solution with acetate buffer 
pH 4-5 the solution turns rapidly orange and the 
absorption bands are shifted towards the red end 
of the spectrum («, 583 mu; B, 542 my). If a small 
amount of caffeine is now added, the colour of the 
solution becomes purplish red and the absorption 
bands return to their initial position («, 562 my; 
B, 526 my), although the solution remains distinctly 
acid. This clearly shows that caffeine disperses the 
aggregates of acid turacin probably by forming a 
complex with its porphyrin. Even an alkaline solu- 
tion of turacin is affected by caffeine; this is shown 
by a perceptible intensification and a slight shift of 
its absorption bands further towards the blue end 
of the spectrum. Caffeine also intensifies and shifts 
the absorption bands of other metalloporphyrins 
such as manganese mesoporphyrin. It is interesting 
to note that although a caffeine-like effect on turacin 
can be obtained with solvents like ethanol and 
pyridine, it cannot be imitated by surface active 
substances or detergents such as bile salts or Na 
dodecy! sulphate. 


Nature of reaction between caffeine and haem 


We have seen above that the addition of caffeine 
to haem changes its colour from reddish brown tc 
red and markedly affects its absorption spectrum 
by reinforcing and shifting its bands. 

It is generally believed that the changes taking 
place in haem on the addition of a nitrogenous sub- 
stance are always due to the formation of a haemo- 
chromogen compound, in other words to a direct 
combination of the Fe” of haem with two molecules 
of this nitrogenous substance. In fact, the reaction 
between caffeine and haem was previously ascribed 
to the formation of such a caffeine-haemochromogen 
compound [D. Keilin, 1933; Barron, 1937]. A more 
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detailed study of this reaction, however, does not 
support this view. On the contrary, it shows that 
caffeine reacts not with the iron but with the porphy- 
rin of the haem, and caffeine-haem is therefore a more 
appropriate name forsuch a compound. This supposi- 
tion is supported by the following considerations: 

(1) Caffeine, unlike the haemochromogen-form- 
ing nitrogenous substances, even within the charac- 
teristic very limited range of pH, never forms a 
parahaematin compound with haematin. 

(2) It is well known that haematin does not form 
a true solution even in alkali. It is always present 
in the form of molecular aggregates reaching a 
molecular weight of about 50,000 [Zeile & Gnant, 
1940]. After reduction the aggregates of haem 
rapidly increase in size, and eventually form a 
precipitate. The diffuse absorption spectrum of 
haem is probably due to the formation of these large 
molecular aggregates. The clarification of the haem 
solution, and the reinforcement and shift of its 
absorption bands towards the blue end of the 
spectrum, caused by the addition of caffeine, can 
only be ascribed to the dispersion of these large 
molecular aggregates of haem. In fact, similar 
changes in haem can be observed on the addition 
of. solvents such as ethanol, or of the previously 
mentioned surface active substances. 

(3) That the dispersion of haem is probably due 
to complex formation between caffeine and the 
porphyrin of haem is strongly supported by the 
fact that caffeine reacts in a similar way with other 
metalloporphyrins such as turacin, as well as with 
free porphyrins. 

(4) The effect of caffeine on haemochromogens 
suggests at first sight the possibility of competition 
between caffeine and pyridine for the Fe” of haem. 
This competition is, however, an apparent one, as 
similar results can be obtained by using a suitable 
solvent or surface active substance. 


Nature of reaction between caffeine and CO-haem 


This remarkable effect of caffeine can be tenta- 
tively explained in two different ways: 

(1) It is possible that caffeine combines directly 
with the Fe of CO-haem and forms CO-caffeine 
haemochromogen, although, as we have seen, it may 
not form with haem a caffeine haemochromogen. 
This supposition is supported by the following 
considerations: 

(a) CO-haem is known to have a much greater 
affinity than the free haem for nitrogenous sub- 
stances. 

(6) Only one molecule of caffeine per molecule 
of CO-haem is required for the complete change in 
the absorption spectrum of the CO-haem. It is 
known, on the other hand, that the formation of 
CO-haemochromogen requires only one molecule of 
a nitrogenous substance per Fe atom of haem. 


286 


(c) The addition of caffeine to CO-protohaem 
shifts its absorption bands towards the red end of 
the spectrum and makes the compound less soluble. 
This is very unlike its effect on haem, on the 
metalloporphyrins and on porphyrins which, on 
the contrary, are dispersed and made more soluble. 
It is known, however, that while CO-haem is one 
of the most soluble derivatives of haematin in 
dilute alkali, CO-haemochromogen is a much less 
soluble compound. 

(2) An alternative and more plausible explana- 
tion is that caffeine, as in the case of other tetra- 
pyrrolic compounds, reacts with the porphyrin and 
not with the Fe of CO-haem. This is supported by 
the following considerations: 

(a) The characteristic effect of caffeine on CO- 
haem is obtained only if the haem is prepared from 
a solution of protohaematin ; it has no marked effect 
on the CO-compounds of other haems such as 
meso-, haemato-, or deuterohaem. 

(6) Unlike CO-haemochromogen, the caffeine 
CO-haem compound is not affected by light. 

(c) On the addition of a solvent like ethanol, or 
of surface active substances such as bile salts, the 
characteristic absorption bands of caffeine-CO- 
haem are rapidly replaced by those of the ordinary 
CO-haem compound. Moreover, on the addition of 
pyridine, an ordinary CO-pyridine haemochro- 
mogen is formed. 


Reaction of purines other than caffeine 
with tetrapyrrolic compounds 


This study revealed the remarkable fact that 
caffeme and chlorocaffeine are the only purines 
which react with haem and its derivatives in 
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the manner described above. The other purines 
examined in this respect were completely inert and 
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negative results have been obtained with adenine, 
guanine, xanthine, hypoxanthine, paraxanthine, 
heteroxanthine, theophylline, theobromine, uric 
acid and at least twelve of its derivatives including 
1:3:7-trimethyl uric acid. Yet the structures of 
three of these compounds, theophylline, theobro- 
mine and 1:3:7-trimethyl uric acid, closely re- 
semble that of caffeine. 

It seems that in order to react with haem or 
with a porphyrin, the purine must have the nitro- 
gen atoms 1, 3 and 7 methylated; the hydrogen 
in position 8 may be replaced by chlorine but not 


by oxygen. 


Effects of pyrimidine and iminazole compounds 
on haem und its derivatives 


The ‘anes pyrimidines—thymine, cytosine and 
uracil—tested in the usual way, produced no 
effect either on different haems or on their por- 
phyrins. 

Iminazole compounds, on the other hand, are 
known to react with haematins and their deriva- 
tives. Kiister & Koppenh6fer [1927] were the first 
to suggest that the iminazole ring of histidine 
probably represents the group by means of which 
the haem is attached to globin to form haemo- 
globin. The great affinity of 4(5)-methyl iminazole 
for haem with formation of haemochromogen, and 
for haematin with formation of parahaematin was 
shown by Holden & Freeman [1929]. They find it 
‘difficult to believe that the iminazole ring of histi- 
dine is the sole or even the chief group in proteins 
which combines with reduced haematin. It may well 
be, especially in the case of denatured globin, that 
some of the molecules of reduced haematin combine 
with two different types of nitrogen atom, one of 
which is in the iminazole ring’. Langenbeck [1932] 
obtained crystalline parahaematins of glyoxaline 
and 4(5)-methyl iminazole. The facts, (i) that certain 
iminazole compounds have such a great affinity for 
haematin, and (ii) that globin is so rich in histidine, 
suggest, according to Langenbeck, that histidine 
must play an important part in linking haematin 
to globin. Haurowitz [1935], however, pointed out 
that not all iminazole compounds have high affinity 
for haematin; histidine itself does not form a stable 
parahaematin compound nor on reduction does it 
give a haemochromogen; globin of invertebrate 
haemoglobins is not rich in histidine. 

The comparative study of other iminazole com- 
pounds in respect of their reactions with alkaline 
porphyrin, haematin, haem, CO-haem and acid 
turacin were carried out on other purines (v. sup.), 
iminazole, iminazole 4:5-dicarboxylic acid, 1-methyl 
iminazole, benziminazole, 1-methyl benziminazole, 
histidine, histamine, ergothioneine, anserine, carno- 
sine and pilocarpine. The results of these experi- 
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ments, which are shown in Table 1, can be sum- 
marized as follows: 

(1) Caffeine and chlorocaffeine are the only 
purines which give the characteristic reactions 
described above. Other purines, including theo- 
bromine, theophylline and 1:3:7-trimethy] uric acid, 
do not react with either haematin, haem, other 
metalloporphyrins, or porphyrins. 
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histidine and f-alanine, forms with haem a typical 
haemochromogen but fails to react with porphyrins. 

(5) The fact that globin [Hill & Holden, 1926] 
and serum proteins [Haurowitz & Waelsch, 1929] 
react with porphyrins in the same way as caffeine or 
pilocarpine, suggests that some of the constituents 
of these proteins must have certain properties in 
common with the 1l-methyl iminazole derivative. 


Table 1. Reaction of different iminazole compounds with tetrapyrrolic compounds 


0 means no appreciable reaction observed. 
‘Caffeine effect’ means dispersion, solution, reinforcement and shift of bands. 


Alkaline 

CO-haem porphyrin Acid turacin 

Caffeine-CO haem Caffeine effect Caffeine effect 
0 0 0 
CO-haemochromogen 0 0 

CO-haemochromogen Caffeine effect Caffeine effect 
CO-haemochromogen 0 0 
0 0 0 
CO-haemochromogen 0 0 
CO-haemochromogen 0 0 
_ CO-haemochromogen 0 0 
0 0 0 
CO-haemochromogen 0 0 
CO-haemochromogen 0 0 


CO-haemochromogen 


Caffeine effect 


Caffeine effect 


Haematin Haem 
Caffeine and 0 Caffeine-haem 
chlorocaffeine 
Other purines 0 0 
Iminazole Parahaematin Haemochromogen 
1-Methyl Parahaematin Haemochromogen 
iminazole 
Iminazole 4:5- Parahaematin Haemochromogen 
carboxylic acid ; 
Benziminazole 0 0 
Methyl benz- 0 Haemochromogen 
iminazole 
Histidine Parahaematin Haemochromogen 
Histamine Parahaematin Haemochromogen 
Ergothioneine 
Anserine Parahaematin Haemochromogen 
Carnosine 0 Haemochromogen 
Pilocarpine Parahaematin Haemochromogen 


(2) The other iminazole compounds, unlike 
caffeine, combine with the Fe of haematin, of haem 
and of CO-haem, forming respectively parahae- 
matin, haemochromogen and CO-haemochromogen. 
Histidine forms those compounds with difficulty, 
while ergothioneine does not seem to form them 
at all. 

(3) Of all the iminazole compounds tested, only 
pilocarpine, and to a lesser degree, 1-methyl] imina- 
zole (in addition to their ability to form para- 
haematins, haemochromogens and CO-haemochro- 
mogens), share with caffeine the property of 
reacting with and dispersing the porphyrins and 
metalloporphyrin compounds. In the alkaloid 
pilocarpine, the 1-methy] iminazole ring is attached 
solely by its carbon 5 to another ring which can be 
easily separated as homopilopic acid: 

CH 


CH,.CH,.CH_—_CH—CH,-C-—_N¢__” Pilocarpine 
| 


CH 
Co—O—CH, H¢—_N7 

(4) The fact that with porphyrin pilocarpine 
reacts like caffeine and with haem like 1-methyl 
iminazole or even pyridine, shows that the failure 
of caffeine and of other purines to react with the 
Fe’ of haem and to give a haemochromogen com- 
pound, is probably due to the steric hindrance 
caused by the pyrimidine ring. It is also interesting 
to note that anserine, a dipeptide of methylated 


However, the only iminazole compound so far 
known to occur in proteins is histidine which, as 
we have seen, does not react with porphyrins. 
Negative results in this respect were also obtained 
with other constituents of proteins such as alanine, 
arginine, aspartic acid, cystine, cysteine, glutamic 
acid, glycine, hydroxyproline, leucine, lysine, me- 
thionine, phenylalanine, proline, serine, trypto- 
phan, tyrosine and valine. 

The observation that some proteins have a very 
strong ‘caffeine effect’ on aqueous solution of alka- 
line porphyrin, while no known constituent of these 
proteins shows such an effect, can be explained in 
two ways: 

(1) The protein may contain an additional un- 
known constituent with the properties of the 
iminazole ring of caffeine or pilocarpine. 

(2) The iminazole ring of histidine, when this 
amino-acid forms part of a polypeptide, may differ 
in certain properties from that of the free amino- 
acid, and may resemble more the iminazole ring of 
caffeine and pilocarpine. 

More work, however, is required before one or 
other of these explanations can be definitely ac- 
cepted and important information as to the chemical 
structure of proteins and the properties of poly- 
peptide chains may be obtained by making use in 
these investigations of the reactions with haematins 
and their derivatives. 
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Physico-chemical properties of caffeine and its 
pharmacological action 


It is well known that caffeine acts on the central 
nervous system, the kidneys, muscles and heart. 
The most important pharmacological action is that 
on urinary excretion, but there is no general agree- 
ment as to the mechanism of caffeine diuresis: 
various interpretations were critically reviewed by 
Verney & Winton [1930] and by Smith [1937]. 
Ellinger, Heymann & Klein [1921] and Briihl [1929] 
alone have made an attempt to correlate caffeine 
diuresis with certain physico-chemical properties of 
this drug, and only the results obtained by these 
workers will therefore be discussed. Ellinger et al. 
found that the rate of ultrafiltration of Ringer 
solution, mixed with serum, through a Bechhold 
collodion membrane (impermeable to proteins) is 
increased 60% by the addition of as little as 1 in 
56,000 caffeine. This is ascribed by these workers to 
the direct effect of caffeine on the properties of 
proteins, lowering their affinity for water, and not 
to the increased permeability of the filter mem- 
brane or glomeruli. This physico-chemical mechan- 
ism explains, according to Ellinger e¢ al., all the 
facts of caffeine diuresis. On the other hand, Briihl 
[1929] found that caffeine protects protein from 
precipitation by low concentrations of ethanol and 
increases the solubility of congo-red, and of certain 
amino-acids. Briihl ascribes these effects to the 
ability of caffeine to combine with proteins and 
other organic substances, and this seems to agree 
with some of the results obtained by other workers 
[Schiiller, 1929; Labes & Rubenbeck, 1933]. He 
found also that the permeability to buffer solutions 
of collodion membranes impregnated with albumin 
or globulin, is much increased by the addition of 
caffeine. According to Briihl the diuretic effect of 
this drug is due to an increased permeability of 
glomeruli, a view previously expressed by Cushny 
& Lambie [1921]. Neither Ellinger e¢ al. nor Brihl 
has compared the physico-chemical properties of 
caffeine which were observed with those of theobro- 
mine and theophylline. There is little doubt that the 
reactivity of caffeine and its solvent and dispersing 
properties discussed above are intimately connected 
with the physico-chemical properties of this drug 
which are considered by Ellinger et al. and by Briihl 
to explain the mechanism of caffeine diuresis. We 
have seen, on the other hand, that in its physico- 
chemical properties as revealed by reactions with 
tetrapyrrolic compounds, caffeine differs very 
markedly from theobromine and theophylline. If 
therefore these properties of caffeine have a direct 
bearing on its physiological action, the diuresis 
induced by the three purine derivatives cannot be 
ascribed to one and the same mechanism. All this 
shows that the intimate mechanism of caffeine 
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diuresis will probably only be solved by a com. 
parative physico-chemical and physiological study 
of the three diuretic purines carried out in the same 
way and under the same conditions. 


SUMMARY 


1. On the addition of caffeine to an alkaline 
solution of protohaem, the solution turns from 
reddish brown to red, and its two diffuse absorption 
bands are replaced by much stronger bands lying 
nearer the blue end of the spectrum. The solution 
loses its opalescence and on standing does not 
precipitate. A similar effect is produced by caffeine 
on other haem compounds such as meso-, deutero- 
and haematohaem. 

2. Contrary to the view held by previous 
workers, the compound thus obtained is not a 
caffeine-haemochromogen. In this reaction caffeine 
combines, not with the Fe of haem, but with its 
porphyrin as the following evidence shows: (a) Ad- 
dition of caffeine to an aqueous alkaline solution of 
porphyrin changes its colour from orange to salmon 
pink, and greatly intensifies and shifts its absorp- 
tion bands. The solution loses its opalescence and 
does not precipitate on standing. (b) Caffeine in- 
tensifies and shifts the absorption bands of metallo- 
porphyrin compounds. It disperses and dissolves 
a suspension of acid turacin, the colour and the 
absorption spectrum of which become similar to 
those of an alkaline solution of this pigment, 
although the reaction of the solution remains acid. 
(c) About 20 mol. of caffeine per mol. of haem or 
porphyrin are required to produce the complete 
transformation. (d) The effect of caffeine on haems 
and on porphyrins can be obtained by treating 
these pigments with solvents, or with surface active 
substances such as bile salts or sodium dodecyl 
sulphate. 

3. Caffeine reacts with CO-protohaem shifting its 
two absorption bands from «, 565 mp and B, 542 my 
to 590mp and 551my respectively. Only one 
molecule of caffeine per molecule of CO-protohaem 
is required to complete this change. 

4, This effect of caffeine can be obtained with 
CO-protohaem prepared from a fresh solution of 
haematin. After standing in air for 24 hr. or less, 
the solution in carbonate fails to give the charac- 
teristic caffeine CO-haem compound, while the same 
solution, if kept anaerobically, gives this reaction 
even after several weeks. In carbonate solution 
haematin is apparently very unstable in air. 

5. Caffeine gives no reaction of this nature with 
CO-haem compounds obtained from other haematins 
such as haemato-, deutero- and mesohaematin. 

6. Two possible explanations as to the me- 
chanism of the reaction between caffeine and 
CO-haem are proposed and discussed. 
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7. Caffeine and chlorocaffeine are the only 
purines which react as described with haem, CO- 
protohaem, porphyrins and metalloporphyrins. No 
other purine, out of about 20 tested, including 
theobromine, theophylline and 1:3:7-trimethyl uric 
acid, gives any of these reactions. 

8. The fact that chlorocaffeine behaves in this 
respect like caffeine, shows that the H in position 8 
can be replaced by Cl but not by O,. 

9. Of all the iminazole compounds tested, only 
pilocarpine, and to a lesser degree 1-methyl imina- 
zole, react with the porphyrin in the same way as 
caffeine; but, unlike caffeine, with haematin, haem 
and CO-haem, they give parahaematin, haemo- 
chromogen and CO-haemochromogen compounds 
respectively. 

10. The fact that globin and certain serum pro- 
teins react with porphyrins in the same manner as 
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caffeine, while none of their amino-acid consti- 
tuents, including histidine, gives this reaction, 
suggests that (a) either these proteins contain an 
additional, not yet isolated, constituent having 
these properties, or (b) that the iminazole ring 
of histidine, when the latter is incorporated in 
a polypeptide chain, may have some of the pro- 
perties of the iminazole ring of caffeine and of pilo- 
carpine. 

11. The bearing of all these properties of caffeine 
on the mechanism of caffeine diuresis is discussed. 


I wish to thank Prof. D. Keilin and Dr R. Hill for their 
helpful suggestions and interest in the progress of this 
work; Dr E. F. Hartree for the preparation of pure samples 
of iminazole, 1-methyl iminazole and methyl benzimina- 
zole; Dr P. Eggleton for samples of carnosine and anserine; 
and Dr F. G. Mann for samples of paraxanthine and 
heteroxanthine 
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The Action of Proteolytic Enzymes on Fibrinogen Solutions 
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It has been recognized for some years that a proteo- 
lytic enzyme system may be concerned with blood 
coagulation. Wright [1915] noted that blood coagu- 
lation could be inhibited by the addition of trypsin, 
and Douglas & Colebrook [1916] confirmed this 
observation, but demonstrated that smaller quan- 
tities of trypsin had the effect of shortening the 
clotting time. 

Further studies of the effect of trypsin on blood 
coagulation have been reported by Tyson & West 
[1937], Eagle & Harris [1937], and Mellanby & 
Pratt [1938]. Though differences are evident be- 
tween these investigations all the authors agree that 
trypsin in sufficient amounts prevents coagulation, 


and assume that the fibrinogen is destroyed. More 
recently, Tagnon, Davidson & Taylor [1942] have 
demonstrated the presence in chloroform-treated 
serum of a proteolytic enzyme which appears to be 
derived from the plasma globulins. This enzyme, 
like trypsin, prevents coagulation in large amounts, 
while in smaller amounts it hastens coagulation 
with subsequent digestion of the clot. 

The work reported here is concerned mainly with 
the effect of pepsin on fibrinogen solutions and on 
plasma at pH values of 5-0—5-6. This limited pH 
range is necessary because at values below 5-0 
fibrinogen tends to precipitate, and at values higher 
than 5-6 pepsin is inactivated. 
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The results indicate that under suitable gondi- 
tions pepsin reacts immediately with fibrinogen, 
the product differing from fibrinogen in not being 
precipitable by 20% saturation with (NH,),SO,, 
or by half-saturation with NaCl. The fibrinogen 
modified by peptic action is referred to in this paper 
as ‘non-precipitable fibrinogen’ (i.e. not precipitable 
by low concentrations of salts), as compared with 
untreated fibrinogen, which is referred to as ‘pre- 
cipitable fibrinogen’. 


METHODS 

Plasma and serum. Horse plasma (oxalated and 
centrifuged) or serum was used, in most cases from 
horses which had not responded well to diphtheria 
immunization. 

Solutions of fibrinogen. To 1000 ml. of plasma 
were added 300 ml. of sat. (NH,),SO,. The precipi- 
tate was collected by centrifuging, and dissolved 
in 1000 ml. of saline. The precipitation and solution 
were both repeated twice [cf. Warner, Brinkhous & 
Smith, 1935-6]. The final solution was adjusted to 
pH 5-4 by cautiously adding acetate buffer (pH 5-0) 
and was centrifuged before use. 

‘Chloroform serum’ was prepared as described by 
Tagnon [1942]. 

Pepsin. This was a commercial (1/3000 v.s.P.) 
product. 

pH values were determined by means of a glass 
electrode. 

Estimation of salt-precipitable fibrinogen. Salt- 
precipitable fibrinogen in the plasmas and digest 
mixtures was assayed approximately by precipita- 
tion with 20% sat. (NH,).SO,, and collection of 
the precipitate by centrifugation. The precipitate 
was dried at room temperature by rolling on a No. 50 
Whatman filter paper, was treated with ethanol 
for 5 min. and finally dried at 110° to constant 
weight. Though the presence of foreign material 
(e.g. (NH,),SO,) was unavoidable in the dried pre- 
cipitate, the method in our hands proved suffi- 
ciently accurate for the purpose for which it is used 
in this work. 

Estimation of heat-precipitable fibrinogen. Normal 
fibrinogen is precipitated by heating in solution to 56° 
for 2 min. For the estimation of heat-precipitable 
fibrinogen the precipitate was collected by centrifug- 
ing and dried as for salt-precipitable fibrinogen. 

Temperature of enzyme-fibrinogen mixtures. Through- 
out this work the enzyme-fibrinogen mixtures were 
made up at room temperature (18°). 

RESULTS 
The effect of pepsin on plasma 
In order to determine the amount of pepsin which 
would render non-precipitable the fibrinogen in a 
given quantity of plasma, both pepsin and plasma 
were adjusted to pH 5-4. To 10 ml. quantities of 
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plasma in test tubes was added a 1% pepsin solu- 
tion, beginning with 1 ml.-in the first tube and 
finishing with 10 ml. in the last. All volumes were 
adjusted to 20ml. with water. 2 ml. quantities 
were removed from the tubes at intervals and these 
were tested for fibrinogen by the addition of 0-5 ml. 
of sat. (NH,),SO, solution. This range usually in- 
cluded the end-point, giving a precipitate in the 
tubes with the smaller, but none in those with 
larger, amounts of pepsin. The end-point changes 
little after the first 5 min. during periods up to 
24 hr. The results of a typical experiment are given 
in Table 1. 


Table 1. The reaction between plasma fibrinogen 
and 1% pepsin at pH 5-4 and 18° 


Time from 





beginning ml. pepsin/10 ml. plasma 
of exp. — AW 
min. 1 2 3 + 
8 +++ +++ +4 ++ 
30 ttt +++ ++ ++ 
120 +++ +++ + - ~ 
840 +++ ++ + + 
mi. pepsin/10 ml. plasma 
6 7 8 9 
8 +- +- - - = 
30 - - - - - 
120 - ~ - - - 
840 “ se a a - 


The data indicate the precipitates obtained on the 
addition of (NH,),SO, to 20% saturation. 

+++ =heavy precipitate, + + =moderate precipitate, 

+ =lightprecipitate, + —- =opalescence, — =noprecipitate. 


In order to render the tests quantitative, larger 
digest mixtures were prepared corresponding to 
selected tubes which, in the preliminary test, had 
precipitated with 20% sat. (NH,),SO,. Usually 
10 or 20 times as much of each reagent was em- 
ployed in the larger digest mixtures. 100 ml. of the 
digest were removed at 5 and 15 min. after mixing, 
and added to 25 ml. of sat. (NH,).SO, solution. 
A control experiment was done with plasma and 
water only. The results obtained in a typical ex- 
periment are given in Table 2. 


Table 2. The effect of increasing amounts of pepsin on 
the amount of fibrinogen precipitable from plasma 
by 20% saturation with (NH,),SO, at pH 5-4 
and 18° 

Fibrinogen precipitable from 100 ml. 


ml. of 2% of digest mixture (g.) 
pepsin/200 ml. 
plasma After 5 min. After i5 min. 
0 0-2458 
20 0-1498 0-1500 
40 0-064 0-044 
60 Nil Nil 


Vol. of each digest mixture was made up to 400 ml. with 
H,0. 
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The effect of pepsin on solutions of fibrinogen 

Solutions of fibrinogen were treated in a similar 
manner to the plasma. In a typical experiment 
tests showed that between 1 and 1-2 ml. of 0-2% 
pepsin prevented the precipitation, by (NH,),S0,, 
of the fibrinogen in 5 ml. of solution. Having deter- 
mined these approximate values larger digest mix- 
tures were prepared. After standing at room tem- 
perature for 10 min., the precipitable fibrinogen was 
estimated in 100 ml. of each mixture. The results 
are given in Table 3. 


Table 3. The effect of increasing amounts of pepsin 
on the amount of fibrinogen precipitable from 
fibrinogen solutions by 20% saturation with 
(NH,).SO, at pH 5-4 and 18° 

Fibrinogen precipitable from 
100 ml. of digest mixture 


ml. of 0:2% pepsin/150 ml. 
after 10 min. (g.) 


of fibrinogen solution 


0 0-2855 
3 0-2210 
9 0-1315 
21 0-0285 


Vol. of each digest mixture was made up to 210 ml. with 
H,0. 


The results in Tables 2 and 3 indicate that 
fibrinogen in plasma requires more enzyme per g. 
to render it non-precipitable than that in solutions 
of fibrinogen prepared by our method. 


A comparison of the amount of fibrinogen precipitable 
from pepsin-treated plasma by (NH,),SO, and by 
heat in the presence of active and alkali-inactivated 
enzyme 


In order to furnish data as to the fate of the 
fibrinogen on pepsin treatment, the effect of heat 
precipitation of the fibrinogen in pepsin-treated 
plasma was compared with that of salt precipita- 
tion. Experiments were carried out at pH 5-4, at 
which pepsin is comparatively stable, and at pH 8-2, 
at which pepsin is inactivated [Northrop, 1930]. 

Three digest mixtures were prepared by adding 
to three 200 ml. quantities of plasma at pH 5-4 
80, 120 and 160 ml. of 1% pepsin. The volumes of 
all the mixtures were adjusted to 400 ml. with water. 

Estimation of the salt-precipitable fibrinogen. 
(a) At pH 5-4. 100ml. quantities of the above 
mixtures were removed and the salt-precipitable 
fibrinogen estimated. é 

(6) At pH 8-2. Only the mixture containing the 
greatest amount of pepsin, and therefore the least 
amount of salt-precipitable fibrinogen, was studied. 
100 ml. of this were removed, its pH was adjusted to 
8-2, and it was allowed to stand at room temperature 
for 34 hr., before estimation of the precipitable 
fibrinogen. This time interval was necessary since 
the non-precipitable fibrinogen was not immediately 
rendered precipitable on raising the pH to 8-2. 
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Estimation of heat-precipitable fibrinogen. (a) At 
pH 5-4. A 100ml. quantity of the mixture con- 
taining the largest amount of pepsin was heated at 
56° for 2 min. 

(b) At pH 8-2. 100ml. quantities of all three 
mixtures were adjusted to pH 8-2, and heated at 
56° for 2 min. 

The weights of the fibrinogen precipitates ob- 
tained under the conditions given above are shown 
in Table 4. 


Table 4. A comparison of the amounts of fibrinogen 
precipitable from digest mixtures by heat and by 
salt at pH 5-4, and at pH 8-2 


Precipitate with 


Precipitate by 
heating at 56° 


Volume of (NH,),SO, from for 2 min. from 
1% pepsin 100 ml. of mixture 100 ml. of mixture 
solution/ g- g- 
200 ml. ————— 
plasma At At At At 
ml. puH5b4 pH 8-2 pH5b4 pH 8-2 
160 0-0472 0-2292 0-2498 0-2968 
120 0-1608 _— — 0-2928 
80 0-2648 _— —_ 0-2838 
0 0-2808 _ — 0-2872 


The effect of pepsin treatment on the 
clotting of plasma 


Reference has already been made to the work of 
other investigators on the effect of active trypsin 
on blood coagulation. The effect of a proteolytic 
enzyme on plasma coagulation in the presence of 
active enzyme, and also following inactivation of 
the enzyme by mild alkali treatment, has now been 
studied. To 35 ml. of plasma were added 45 ml. of 
1% pepsin. The solution after 2 min. gave no pre- 
cipitate in 20% sat. (NH,),SO,. The pH of the 
mixture was then raised to 8-2. 0-1 ml. of CaCl, 
solution (sp. gr. 1-2) was added to 10 ml. of the 
mixture, which gave a clot after incubation at 37° 
for 25 min. The addition of 5 ml. of normal horse 
serum to 10 ml. of the mixture to which CaCl, had 
been added, gave a clot in less than 5 min. at 37°. 

Efforts to clot plasma at pH values of 5-0—5-6 
in the presence of active pepsin have failed con- 
sistently, whereas after inactivation of the pepsin 
by alkali, clots have been obtained at pH values 
of 5-5, 6-2 and 7-2. 


Experiments with trypsin, ‘chloroform serum’ 
and papain 


The treatment of plasma with trypsin (B.D.H.) 
at pH 8-0 showed that at room temperature this 
enzyme behaved similarly to pepsin, but since this 
enzyme, unlike pepsin, is not easily inactivated, no 
effort has been made in this case to determine 
whether the change produced is similar to that pro- 
duced by pepsin. Other workers [Eagle & Harris, 
1937], however, have declared that the fibrinogen is 
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destroyed by an excess of this enzyme, though it 
may be that in the efforts to prove its presence by 
heating, true digestion was brought about. Experi- 
ments have shown that at room temperature the 
amount of fibrinogen not precipitable by 20 % satu- 
ration with (NH,),SO, is approximately propor- 
tional to the amount of trypsin added. The reaction 
proceeds rapidly, and little difference is noted in 
the weight of fibrinogen precipitable at 1, 15 and 
30 min. 

An experiment with ‘chloroform serum’ at 
pH 6-0 showed that between 2 and 3 ml. of this 
would prevent the precipitation of fibrinogen in 
1 ml. of plasma, whereas a control experiment with 
untreated serum gave a heavy precipitate of 
fibrinogen at all levels. 

The results with papain at pH 5-6 were similar 
to those with trypsin. 


DISCUSSION 


The results above show that pepsin and fibrinogen 
react at pH values of 5-0—5-6 in such a way as to 
render the fibrinogen non-precipitable at 20 % satu- 
ration with (NH,).SO,. The amount of fibrinogen 
rendered non-precipitable is roughly proportional 
to the amount of enzyme added, and after the 
initial reaction the amount of fibrinogen modified 
by the enzyme is not appreciably increased during 
a subsequent period of 30 min. Inactivation of 
the pepsin by alkali restores to the fibrinogen 
the property of being precipitated by 20% sat. 
(NH,),SO,. 

The alteration in the fibrinogen may be rever- 
sible, since, after alkali destruction of the enzyme, 
clots have been obtained with fibrinogen solutions 
which, in the presence of the active enzyme, had 
given no precipitate with 20% sat. (NH,),SO,, or 
with 50% sat. NaCl. No clot was obtained in 
pepsin-treated fibrinogen solutions unless the en- 
zyme was first inactivated by alkali. 

The conclusion drawn from these observations is 
that the enzyme combines with (or is adsorbed by) 
the fibrinogen, protecting it against precipitation at 
low salt concentrations, and against coagulation in 
plasma on the addition of Cat*. 

Solutions of partially purified fibrinogen require 
less pepsin per g. fibrinogen to produce this change 
than does plasma. Tagnon [1942] showed that more 
‘chloroform. serum’ was necessary to prevent the 
‘lysis’ of fibrinogen in plasma than in purer fibrino- 
gen solutions, and hence assumed some antilytic 
substance in plasma. It has been found in the 


present investigation that with many plasmas a 
certain amount of pepsin must be added before any 
fibrinogen is protected against precipitation, indi- 
cating that more than one substance must be com- 
peting for the enzyme. A comparison of graphs 
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obtained for three separate experiments with differ- 
ent plasmas, by plotting the amount ot fibrinogen 
rendered non-precipitable by low concentrations 
of salts, under the influence of pepsin, against the 
amount of 1/3000 pepsin present, illustrates this 
point (Fig. 1). 






> S 
> > 
+ a 


precipitation at 20% saturation 


> 
> 
nN 


g. of fibrinogen protected against (N H,).S0, 


g. of pepsin (1/3000) 


Fig. 1. The influence of the presence of pepsin on the 
precipitability of fibrinogen in solution by low concen- 
trations of salts. Curves 1-3 represent different ex- 
periments with three different preparations of horse 
plasma. 


The extension of the above work to other proteo- 
lytic enzymes is of interest in view of the discovery 
of Gorter, Maaskant & Campagne [1936] that 
trypsin has an explosive-like action on the spreading 
of fibrinogen in monomolecular films. Other authors 
have observed that trypsin and ‘chloroform serum’ 
can inhibit the coagulation of plasma, and the 
present work shows that trypsin and an enzyme 
present in ‘chloroform serum’ can protect fibrino- 
gen against precipitation by low concentrations of 
salts. This raises the question as to whether the 
reaction between these enzymes and fibrinogen is 
similar to that between pepsin and fibrinogen, and 
whether inactivation of these enzymes would restore 
the power of clotting to solutions- of fibrinogen 
which had been rendered non-coagulable in the 
presence of the active enzyme. 


SUMMARY 


1. Pepsin reacts with fibrinogen at pH 5-0-5°6 
in such a way that the fibrinogen is rendered non- 
precipitable with 20% sat. (NH,),SO, and non- 
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coagulable in the presence of plasma containing 
Ca++ ions. 

2. Alkali destruction of the enzyme restores to 
the fibrinogen the power of forming clots under 
suitable conditions, and of being precipitated by 
low concentrations of salts. 


ENZYMES AND FIBRINOGEN 
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3. Certain other proteolytic enzymes react simi- 
larly under suitable conditions. 


I am indebted to the Medical Director of this Institute 
for providing facilities for carrying out these experiments, 
and to Mr L. N. Owen who has performed much of the 
experimental work. 
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The Separation of Fibrinogen from ‘Pepsin-inhibitor’ 


By H. G. HIND, From the Evans Biological Institute, Runcorn, Cheshire 


(Received 12 February 1943) 


Numerous methods for the purification of fibrinogen 
by precipitation with (NH,),SO, or NaCl have been 
described [Florkin, 1930; Warner, Brinkhous & 
Smith, 1935-6; Ferguson, 1938-9; and Ferguson 
& Erickson, 1939]. Florkin [1930] used solubility 
in salt solutions as the criterion of purity of his 
preparations. 

In a previous paper [Hind, 1943] it was shown 
that pepsin, when present in sufficient amounts, 
would protect fibrinogen against precipitation at 
low salt concentrations, and that a solution of 
partially purified fibrinogen required less enzyme 
per g. of fibrinogen to effect this protection than 
did fibrinogen present in plasma. In the present 
work we show that a substance (or substances) 
present in plasma competes with fibrinogen for the 
enzyme. The substance (or substances) having this 
inhibiting effect on pepsin is termed ‘pepsin in- 
hibitor’ in the following account. Some properties 
of the pepsin inhibitor and its separation from 
fibrinogen are described. 


METHODS 


Horse plasma (centrifuged and oxalated) and 
serum were used. 

Pepsin was a commercial (1/3000 v.s.P.) product. 

Estimation of the salt-precipitable fibrinogen and 
the preliminary and semi-quantitative tests be- 
tween pepsin and fibrinogen were carried out as 
previously described [Hind, 1943]. 

Purified fibrinogen. 1000ml. of centrifuged plasma 
were precipitated with 21-6 % sat. (NH,),SO,. The 
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precipitate was collected on the centrifuge and dis- 
solved in 1000 ml. of saline. The precipitation and 
solution were repeated 4 times. On redissolving for 
the last time, however, only 500 ml. of saline were 
used. 

Pepsin inhibitor and serum globulins. The residues 
obtained from the purified fibrinogen were precipi- 
tated with 50% sat. (NH,).SO, and the globulin 
precipitate was filtered off with kieselguhr, and 
pressed. The kieselguhr-protein mixture was then 
extracted 3 times with 200 ml. quantities of water 
and the solution dialysed overnight. The dialysed 
solution was made up to 1000 ml., i.e. the original 
volume of the plasma used. 

Serum. Serum was prepared from 400ml. of 
plasma, by adding CaCl, and pressing the clot. 
The serum gave no precipitate with 21-6% sat. 
(NH,).SO,. 

Heated serum was prepared by heating 150 ml. of 
oxalated serum to 58° for 2 min. 

Defibrinated plasma. 400ml. of plasma were 
heated to 56° for 2 min. and centrifuged until clear. 


RESULTS 


The effect of repeated precipitation of fibrinogen 
on its reaction with pepsin 


1000 ml. of plasma were clarified by centrifuging 
at 5000 r.p.m. for 5 min., and 200 ml. were removed 
for subsequent tests. Solid (NH,),SO, to 216% 
saturation was dissolved in the remaining 800 ml. 
The fibrinogen precipitate was collected by centri- 
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fuging and redissolved in normal saline. It was 
made up to 800 ml. and 200 ml. were removed. The 
precipitation and solution were repeated twice 
more. The volume was made up in each case to 
correspond to the volume which had been precipi- 
tated, and at each stage 200 ml. of solution were 
removed. 


-precipitable 


21:6% saturated (NH,),SO, (g.) 


Fibrinogen rendered non 


by 


6 8 0 12 4 6 18 


1% pepsin added (ml.) 


Fig. 1. Pepsin titration curves of fibrinogen solutions after successive 
reprecipitations. Curves 1-4 were obtained with plasma, once pre- 
cipitated fibrinogen, twice precipitated fibrinogen and thrice precipi- 
tated fibrinogen respectively. The data plotted were obtained by 


subtracting the weight of fibrinogen precipitated in the presence of 
pepsin from that precipitated in its absence. This difference was plotted 
against the volume of 1% pepsin which had been added. 


? 
BS 


-precipitable 


ated (NH,),SO, (g.) 
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? 
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0-2% pepsin added (ml.) 
Fig. 2. 


different plasmas. 
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Pepsin titration curves of fibrinogen solutions from 
v Fibrinogen reprecipitated 3 times; 


o fibrinogen reprecipitated 3 times; o fibrinogen reprecipi- 
tated 3 times; v fibrinogen reprecipitated 4 times; a fibri- 
nogen reprecipitated 3 times; + fibrinogen reprecipitated 
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amount of 1% pepsin for 10 min., the precipitable 
fibrinogen was estimated. The curves obtained from 
the results are given in Fig. 1. The weight of 
fibrinogen protected against precipitation represents 
the difference in weight between a control precipi- 
tate and the precipitate obtained from a pepsin- 
fibrinogen mixture. This difference in weight is 
plotted against the amount of pep- 
sin- which produced this change. It 
will be seen that at each successive 
stage of purification less enzyme was 
required to protect the fibrinogen 
against salt precipitation, and that at 
least 4 or 5 precipitations would be 
necessary to effect complete separation 
of the fibrinogen from the pepsin in- 
hibitor. 
Similar curves for fibrinogen pre- 
parations from different plasmas are 
given in Fig. 2. 
20 22 24 Preliminary tests with the pepsin 
inhibitor 

The effect of heat on the pepsin 
inhibitor in serum and in plasma was 
studied, and the pepsin inhibitor con- 
tent of plasma was compared with 
that of serum prepared from the 
plasma. 

Solutions used. (1) 200 ml. plasma + 
100 ml. saline. (2) 150 ml. of solution of pepsin 
inhibitor and serum globulins + 75 ml. of fibrino- 
gen solution. (3) 150 ml. of oxalated serum+ 
75 ml. of fibrinogen solution. (4) 150 ml. of 
heated serum+75 ml. of fibrinogen solution. 
(5) 150 ml. of heat-defibrinated plasma + 75 ml. 
of fibrinogen solution. (6) Undiluted fibrinogen 
solution. 

These mixtures were all adjusted to pH 5:3. 
The fibrinogen content of the solutions was com- 
parable except that (6) contained 3 times as much 
fibrinogen as the other solutions. 

Preliminary tests with 2 ml. quantities of the 
solutions were carried out against 1-0 and 0-01% 
pepsin. The lower strength was found necessary, 
as with some of the mixtures very little pepsin 
was required to render the fibrinogen non- 
precipitable. For quantitative determinations 


4 times; 

(typical curve). 

After the determination of the approximate 
values for the amount of pepsin required to prevent 
the salt precipitation of the fibrinogen in 2 ml. of 
each fraction, quantitative determinations were 
carried out. 50 ml. of solution of each fraction were 
used, and after treating with the predetermined 


x fibrinogen reprecipitated twice; e plasma 


50 ml. of solution were used and, after treatment 

with appropriate amounts of pepsin for 10 min. 

at 18°, the precipitable fibrinogen was estimated. 
The amount of pepsin (g.) required to protect 1 g. of 
fibrinogen in each of the solutions was calculated 
and is given in Table 1. 

Further tests have shown that serum heated to 
55° does not lose its ability to inhibit the action of 
pepsin in rendering fibrinogen non-precipitable. 
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Table 1. The reaction at pH 5-3 between pepsin 
and different solutions containing fibrinogen 


Pepsin required to protect 
1 g. of fibrinogen against 
(NH,).SO, precipitation 


Fibrinogen-containing at 21-6% saturation 


solution used g. 
Plasma 0-9 
Fibrinogen 0-02 
Solution of fibrinogen and 1-05 

pepsin inhibitor 
Fibrinogen and serum 1-8 
Fibrinogen and heated serum 0-06 
Fibrinogen and heated defi- 0-08 


brinated plasma 


DISCUSSION 


Because of the close association between the pepsin 
inhibitor and fibrinogen, and because fibrinogen 
solutions could be approximately titrated against 
pepsin, it was decided to use the pepsin-fibrinogen 
reaction as a measure of the purity of fibrinogen 
solutions. The results show that four or five repre- 
cipitations with 21-6 % sat. (NH,),SO, are necessary 
to separate the pepsin-inhibitor from fibrinogen. 
The concentration of (NH,),SO, (21-6% sat.) used 
in this work was determined by preliminary experi- 
ments to be a safe minimum quantity for the pre- 
cipitation of the fibrinogen from the plasma used. 
Most other workers have used 25% saturation. 
1 g. of pepsin (1/3000 v.s.P.) will protect approxi- 
mately 50 g. of our purest preparations of fibrinogen 
against precipitation with (NH,),.SO,. Similar 
values have been obtained by using fibrinogen solu- 
tions prepared from different plasmas. 
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Little or no pepsin inhibitor could be demon- 
strated in plasma defibrinated by heating, or in 
serum which had been heated to 58°. However, 
the pepsin inhibitor is apparently stable at 55°, 
since serum heated to this temperature showed no 
loss of potency. It was present, together with the 
serum globulins, in the filtrates obtained during 
the preparation of fibrinogen, and was precipi- 
tated therefrom by precipitating with 50% sat. 
(NH,),SO,. On adding this precipitate to a purified 
fibrinogen solution, the reaction between the mix- 
ture and pepsin was similar to that between plasma 
and pepsin. This pepsin-inhibitory action of serum 
appeared to be greater than that in the plasma 
from which the serum had been prepared. 


SUMMARY 


1. A substance (‘pepsin-inhibitor’) is present in 
fresh serum and plasma, which inhibits the ability 
of pepsin to protect fibrinogen against precipitation 
at pH 5-0-5-6 by low concentrations of salt. 

2. This pepsin inhibitor is present in prepara- 
tions of fibrinogen precipitated with 20-25% sat. 
(NH,),SO,, but separation of it from fibrinogen can 
be effected by repeated precipitation of the latter 
with 21-6% sat. (NH,),5O,. 

3. Heating at 58° for 2 min. destroys almost all 
the activity of preparations of this ‘pepsin-inhi- 
bitor’. 

I am indebted to the Medical Director of this Institute 
for providing facilities for carrying out these experiments 
and to Mr L. N. Owen who has performed much of the 
experimental work. 
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Microdetermination of Vitamin A and Carotenes 


By F. URBAN anv B. MILDER, Department of Biological Chemistry, Washington University, AND 
C. CARRUTHERS, Research Department, The Barnard Free Skin and Cancer Hospital, St Louis, Mo., U.S.A. 


(Received 25 January 1943) 


The Carr-Price reaction has been widely used for 
the estimation of vitamin A and carotenes. The 
limitations and difficulties of the method have been 
described by so many that no attempt will be made 
to review the extensive literature [see Brode & 
Magill, 1931]. The conventional method, as used by 


May, Blackfan, McCreary & Allen [1940] and by 
Dann & Evelyn [1938] for the determination of 
B-carotene by measuring the light absorption with 
a 440my,p filter, is not specific. For example, in 
blood serum both bilirubin and £-carotene absorb 
light of wave-length 440mz. 
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The optical method described here was developed 
to overcome the difficulties in the quantitative esti- 
mation of the free* vitamin A. The application of 
the same method for the accurate determination of 
B-carotene has been studied. The instrument is an 
adaptation of a photoelectric colorimeter developed 
by Yntema & Fleetwood [1937]. It differs from it 
in one fundamental respect. A beam of light after 
having traversed the sample (Carr-Price reaction) is 
split into two beams which pass through 620 and 
589my filters, respectively, before reaching two 
recording photocells. Thus a direct simultaneous 
and mutually independent determination of vita- 
min A and carotene in one and the same sample can 
be achieved, providing that (1) the beams are mono- 
chromatic, or nearly monochromatic; (2) the tem- 
perature is close to 0° (cold room). On the other 
hand, only vitamin A can be determined with this 
apparatus at room temperature, because the 589my 
band of B-carotene fades within a few seconds. 


EXPERIMENTAL 


The apparatus used for measuring the intensity of 
the blue colour produced by the reaction of vita- 
min A with SbCl, is shown diagrammatically in 
Fig. 1. The accessories are described in the diagram. 


=> Batteries 


Switch 


Filter 


Fig. 1. Circuit for vitamin A: batteries, 6 V.; lamp, 100 c.p. 
6-8 V.; rheostat, 0-5ohm.; voltmeter, 0-8; photocells, 
RCA 922. Circuit for B carotene: galvanometers, L-N 
R 2500 f; condensers, L-N 1 pF.; switches, spot; filter, 
Pyrex 625 my no. 245; filter, 589 mm. 


The light source was a Mazda lamp, 100 c.p., 6-8 V., 


supplied by batteries, constarit voltage being main-’ 


tained by means of a rheostat and voltmeter. A 
glass-stoppered cell, 1 ml. in capacity and 5 cm. 
long, as shown in Fig. 2, contained the solutions for 
the Carr-Price reaction. This cell was in position 
between the light source and a set of two prisms 
which served to divide the light which had traversed 
the solution into two beams, one beam passing 
through the 620my filter to one recording photocell 
for vitamin A, and the other beam (not used in this 
investigation) passing through the 589mzy filter to 


* The term ‘free vitamin A’ as here used refers to 
vitamin A alcohol, or vitamin A ester. We have some 
evidence that vitamin A may be found in a compound 
with other carotenoids. 
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the other photocell which measures f-carotene. The 
current generated by the influence of light upon the 
photoelectric cells is stored in the condensers and 
is measured by determining the sudden deflexion 
induced by discharging these through a ballistic 
galvanometer. 


Fig. 2. 


The procedure for the determination of vitamin A 
at room temperature was standardized as follows. 
A vitamin A concentrate containing 200,000 v.s.P. 
units/g. was dissolved in chloroform (reagent 
quality) so that 0-5ml. contained from 10 to 
100 v.s.P. units. To the cell (Fig. 2), 0-5 ml. of the 
standard containing a known amount of vitamin A 
was added. To this was added 0-5 ml. of a saturated 
solution of SbCl, in CHCl, to develop the colour. 
Just as the solution of the latter was released from 
the pipette, a stop-watch was started. The contents 
of the cell were thoroughly mixed and the cell was 
placed in the receiver. After exactly 4 min. the 
light was turned on at a potential of 5 V. and 
allowed to pass through the solution in the cell for 
precisely 14 min.; then the current stored in the 


Log of 
galvanometer deflexion 


50 75 
Vitamin A units/0-5 ml. of solution 


Fig. 3. 


condenser was determined by measuring the extent 
of the galvanometer deflexion. Repetition with 
varying amounts of vitamin A, from 0 to 100 U.s.P. 
units, and the plotting of the logarithms of the 
galvanometer deflexions against the v.s.P. units of 
vitamin A, resulted in a straight line (Fig. 3). To 
determine the vitamin A content of an unknown 
material dissolved in CHCl,, the above procedure 
was followed. From the logarithm of the galvano- 
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meter deflexion, the amount of vitamin A was 
easily read off the chart. 

Since the absorption band at 589my for B-caro- 
tene persists for only 5-10 sec. at room temperature, 
it is impossible to estimate this substance by mea- 
suring the density of the 589mp band at 20-25°. 
However, we found that if the Carr-Price reaction 
is carried out in a cold room at 0°, the 589my band 
could be observed for a period of more than 2 min. 
when 2-4 vol. SbCl, (sat. at 0°) were added to 
1 vol. B-carotene. The period during which the 
620myu band for vitamin A is observable can also 
be prolonged at the same temperature. Ender 
[1932] has shown that the substance responsible 
for the blue colour produced by the reaction of 
SbCl, with carotenoids is more stable at lower 
temperatures. 

The advantages and accuracy of this method over 
the visual and photoelectric colorimetric methods 
are obvious. The difficulty of measuring precisely 
the maximum of the absorption point for blue 
colour produced by vitamin A or B-carotene with 
SbCl, is obviated, and the interference by other 
carotenoids is eliminated by using appropriate 
filters. The method would serve admirably for the 
estimation of small amounts of vitamin A and 
B-carotene in blood, subject to the temperature 
limitations discussed above; it is about 50 times as 
sensitive as the one of Dann & Evelyn [1938]; at 
0° it is perhaps over 100 times as sensitive. 

Since the cells used for the Carr-Price reaction 
have a tendency to develop, with use, a thin light- 
absorbing film of the hydrolysis products of SbCI,, 
it is imperative that the cells be rigorously cleaned 
after every determination as follows: the cells* and 
stoppers were immersed in strong HCl for several 
minutes. After removing excess HCl with tap 
water, the cells were allowed to stand in chromic 
acid cleaning solution for 10 min. This was followed 
by thorough rinsing with tap water followed by 
distilled water, after which the cells were dried at 
100—105° for } hr. 

The method has been used for the estimation of 
vitamin A in mouse and rat livers. The livers were 
saponified and extracted with peroxide-free ether 
according to the procedure of Davies [1933]. 
Spectroscopically the Carr-Price reaction with the 
unsaponifiable fraction of mouse livers gave only 
one visible absorption band, that at 620-625my. 

The CHCl, solution of the unsaponifiable fraction 
of rat livers showed two absorption bands when 
treated with SbCl,, one at 620my and the other at 
570mpu. However, after 30 sec., at which time the 
determinations were made, no interference with the 

* The cells were made by the American Instrument Co., 
Silver Spring, Maryland. The end-plates of each cell were 
fused to the body of the cell so that cleaning could be 
carried out in chromic acid cleaning solution. 
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measurement of the density of the 620myp band 
was observed spectroscopically. For the determina- 
tion of vitamin A in the unsaponifiable fraction, or 
in the fat-soluble fraction of tissues or other sub- 
stances, it was first necessary to make a spectro- 
scopic examination of the Carr-Price reaction so as 
to determine whether there was any interference with 
the measurement of the density of the 620myp band 
by other carotenoids. In our experiments this pre- 
caution was necessary because a glass filter (Corning 
246 R.M. 3-5 mm.) transmitting a band in the red 
region of the spectrum, rather than a source of 
monochromatic light, was used. 

To follow changes in the hepatic vitamin A con- 
tent of rats, two groups of animals received intra- 
peritoneal injections at regular intervals of methyl- 
cholanthrene and 3:4-benzpyrene dissolved in lard. 
(Goerner & Goerner [1939] and Baumann, Foster & 
Lavik [1941] have shown that carcinogens cause a 
lowering of the hepatic vitamin A content of rats.) 

During the treatment some of the rats were killed 
and the vitamin A content was determined with 
0-5 ml., or with a 1/50th part, of the CHCl, solution 
of the unsaponifiable fraction. The marked deple- 
tion of the liver stores of the vitamin are shown in 
Table 1. 


Table 1. Effect of carcinogens on hepatic vitamin A 
Total dose Vitamin A/ 


of hydro- 0-5 ml. Vitamin A/g. 
Animal carbon aliquot liver 

no. mg. U.S.P. units U.S.P. units 
Nl 0 32 106 
N2 0 56 249 
N3 0 40 160 
N4 0 48 247 
MC 1 16 13 73 
MC 2 16 2 16 
MC3 16 0 0 
BP 1 16 3 13 
BP 2 16 5 24 
BP3 16 12 68 


Animals marked N represent the normal untreated 
animals; MC, methylcholanthrene treated; BP, benzpyrene 
treated. 


The determination of 2—15 v.s.P. units in 0-5 ml. 
of solution demonstrates the micro nature of the 
method. The maximum error in the determinations 
of 10-100 u.s.P. units was 3%. It should not be 
difficult to develop procedures for the use of this 
method to determine vitamin A at room tem- 
perature for other tissues, or for both vitamin A 


and £-carotene at 0°. 


SUMMARY 


A micro-method for the estimation of vitamin A is 

described. Under proper conditions it can be used 

for the simultaneous and mutually independent 
; 19-3 
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determination of vitamin A and £-carotene in the 
same sample. The application of the method for 
the determination of vitamin A in mouse and rat 
livers is briefly discussed. 
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We are here concerned with the assay of riboflavin 
which has developed from the investigations of 
Snell & Strong [1939] and which showed the linear 
relationship between the acid production from 
glucose by Lactobacillus casei « (Helveticus) and 
the concentration of riboflavin present in the 
medium. In this paper the effect of the addition of 
various inorganic constituents on the microbio- 
logical assay of riboflavin will be discussed, and 
suggestions made for the improvement of the 
method. 


EXPERIMENTAL 


The basal medium of Snell & Strong [1939] has 
been modified a number of times, notably by Snell 
& Wright [1941], Hutchings, Peterson & Shull 
[1942], and Lindner & Pollack [1942], mainly by 
the addition of substances which might function as 
growth factors or accessories. In our view the only 
real source of variation in the preparation of this 
medium is in the composition of the acid hydro- 
lysate of casein. We have invariably prepared our 
hydrolysate according to the method used in J. H. 
Mueller’s laboratory and described as Method 1 
[Johnson & Mueller, 1941]. This hydrolysate is 
practically free from Fe and P and there is little, 
if any, Ca present. 

The results which follow were obtained with a 
20% acid digest of casein, whose free HCl, when 
neutralized, gives 3-44g. NaCl/100ml. (1-72 g. 
NaCl/l. of medium). It contains 19-46 g. N,/l., 
no P, and the Fe content is very small. 

The basal medium first used was as follows: 
50 ml. casein hydrolysate (20 %); 2 ml. 20 % cystine 
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solution in 2-5N HCl; 0-1 g. l-tryptophan; 10-0 g. 
glucose; 0-5g. KH,PO,; 100g. nicotinic acid; 
50 yg. pantothenic acid; 50yg. p-amino-benzoic 
acid; 2-5 ml. liver eluate; 0-4mg. FeSO,.7H,0; 
2-0 ml. mineral solution. 

This was adjusted to pH 6-8 and the volume 
made up to 11.; the medium was sterilized for 
10 min. at 10 Ib./sq. in. 

The mineral solution contained: 22-5 g. MgSQ,. 
7H,O; 5-Oml. CuSO,.5H,O (1% w/v); 4:0 ml. 
ZnSO,.7H,O (1% w/v); 1-5 ml. MnCl,.4H,O (1% 
w/v); 3-0 ml. cone. HCl; H,O to 100 ml. 

After sterilization in 20 ml. amounts in 125 ml. 
Pyrex flasks, riboflavin, or extracts of the food to 
be tested, were added in variable amounts and also 
0-2 ml. of 0-5 % (w/v) CaCl,. 

The CaCl, was added since it was soon observed 
that in the absence of such addition, growth and 
acid production were negligible. 

It will be noticed that the medium contains 
p-amino-benzoic acid. In the examination of the 
partially purified liver fraction it became apparent 
that this compound was present in the active 
material. Tests revealed the fact that the com- 
pound was a growth stimulant for the Lactobacillus 
and it was consequently included in the basal 
medium. 


Preparation of active liver extracts 


In early assay methods [Snell & Strong, 1939] 
photolysed peptone and yeast extract were added 
to the food medium; subsequently it was suggested 
that nicotinic acid and pantothenic acid could re- 
place the yeast extract. In our experience this was 
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unsatisfactory; growth and acid production some- 
times occurred, but the latter was so far short of 
an optimum that it was clear that additions made 
to a medium, when extracts of food or tissue fluids 
were added, modified the results. Because of de- 
ficiencies in source of supply, irregularity of result, 
etc., we began to use liver fractions which we were 
using in our studies on the nutrition of C. diphtheriae 
types. The properties of these active fractions have 
been described by Chattaway, Happold, Lythgoe, 
Sandford & Todd [1942]. Residues from the pre- 
paration of the liver anti-anaemic principle were 
adsorbed on Fuller’s earth at pH 3, the bulk of the 
activity being in the filtrate. This was next ad- 
sorbed on norite. Activity was mainly found on 
the charcoal which was eluted with dilute NaOH 
until the eluate was slightly alkaline (pH 7-2) when 
elution was continued with water. After further 
acidification to pH 3, the eluate was extracted 
5-8 times with amyl alcohol (in which the active 
component was insoluble). The aqueous phase was 
then concentrated and used instead of the yeast 
extract. It was free from riboflavin, and from all 
but traces of pantothenic and nicotinic acids. It 
should be noted that activity decreases on standing 
in weak solutions and this accounts for differences 
in total acidity in the series presented. The opti- 
mum activity of such a concentrate having been 
determined, it was added to the basal medium in 
the appropriate amounts. 


RESULTS 
Effect of Fe cencentration on acid production 


Twenty-four flasks each containing 20 ml. of 
medium were prepared in four series of 6. Series 1 
contained no added FeSO,.7H,0, series 2 had 4y¢., 
series 3, 8 pg. and series 4, 16 ug. FeSO,.7H,O added 
to each 20 ml. medium. 

The six flasks in each series had 0, 0-2, 0-4, 0-6, 0-8 
and 1-0 wg. riboflavin added respectively ; 0-2 ml. 0-5% 
solution CaCl, was added to each flask. On incuba- 
tion for 72 hr. the results in Table 1 were obtained. 


Table 1. Influence of addition to the medium of Fe 
and riboflavin on acid production 


Acid production (ml. N/10) 





Riboflavin 


' Swe \ 
added FeSO,.7H,O added 

ug. None 4 pg. 8 pg. 16 wg. 
Nil Nil Nil Nil Nil 
0-2 6-0 6-4 8-1 3-5 
0-4 8-8 10-1 10-1 4-1 
0-6 11-5 11-6 11-7 6-4 
0-8 11-0 11-9 12-3 9-6 
1-0 3-5 9-4 9-8 7-5 


It will be observed that the greatest acid pro- 
duction was with 8 ng. FeSO,.7H,O/20 ml. but that 
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the straight-line relationship which existed up to 
0-6 ug. riboflavin at this level was extended up to 
the 0-8yg. level with the higher concentration of 
the ferrous salt. It is not suggested that these levels 
will be the same for each batch of medium and they 
are almost certainly affected by the concentration 
of iron added in the liver eluate, but it is clear that 
the amount of Fe added with any food or tissue 
extract which is being assayed for riboflavin content 
should be known and suitable addition of Fe salt 
made to the control riboflavin series. Fortunately, 
tables of the mineral contents of foods and tissues 
are available and suitable additions can be made. 
That this is important will be realized by com- 
parison of the above figures where 0-2 yg. in series 
1 or 2 is approximately equal to 0-6 ug. riboflavin 
in series 4. Examination of the actual curves makes 
other differences apparent. 

A further series of four flasks containing 0-8 yg. 
riboflavin and 5, 10, 15, 30ug. FeSO,.7H,O was 
tested (Table 2). 


Table 2. Influence of addition of Fe 
on acid production 


Acid produced (ml. V/10) in 


FeSO,.7H,O 
pg. 72 hr. 96 hr. 120 hr. 
5 3-30 12-70 22-80 
10 3-30 12-40 22-50 
15 2-80 11-50 20-70 
30 2-50 11-10 16-60 


The Ca concentration in this experiment was double 
that used in the first, and, as will be seen later, was 
nearer to the optimum. These results agree well 
with those of the first series in showing a decrease 
in acid production with increasing concentration 
of FeSO,.7H,0. 

In a further series in which FeSO,.7H,O was 
added to the optimum of 400yg./l., in 250yg., 
500yug., 1mg., 2mg., 3mg., 4mg., and 5 mg. 
amounts, there was a decrease in acid formation 
down to the 3 mg. level, after which stabilization 
occurred. Thus the higher level of Fe in the Snell- 
Strong medium is sound for assay work, provided 
that it be realized that this medium does not give 
optimum acid production. 


The effect of variations in PO; and K+ 
content of the medium 


In the Snell-Strong medium PO; is added as 
KH,PO, (0-5 g./l.). This is the only source of K* 
and of phosphate in the medium. Since the im- 
portance of PO; and of K* in carbohydrate meta- 
bolism is obvious, variations in their concentration 
have been tested. The first series of results pre- 
sented below is with two separate fractions of 
liver extract; those appearing beneath the hori- 
zontal dividing line represent tests carried out some 
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weeks later than those above. The later tests con- 
tain 0-02 g. KH,PO,/20 ml. medium; 0-25 ml. 0:5 % 
(w/v) CaCl, solution was added to each 20 ml. 
medium after sterilization. This concentration of 
CaCl, does not represent an optimum. In the first 
series of results the optimum was obtained with a 
0-1% (w/v) KH,PO, concentration. Addition of 
further phosphate as the Na salt was without effect 
with fraction ‘H’, but with fraction ‘S’ there wasa 
rise over a range of addition from 0-13 to 0-016 g. %. 
Fraction ‘S’ was obviously more active than frac- 
tion ‘H’ in encouraging growth, so that the phos- 
phate present as the K salt was adequate with ‘H’, 
whereas with ‘S’ the further addition of Na phos- 
phate to M/800 was necessary to give optimal 
results. It is encouraging that 8 times this con- 
centration did not affect the result at 5 days, since 
this suggested that in assay work increased concen- 
tration of PO; due to that added with the material 
to be assayed, would not affect the result to an 
important degree (Table 3). 


Table 3. Influence of addition of phosphate on acid 
production from 20 ml. medium containing 0-8 yg. 
riboflavin Medium + liver 

Medium +liver frac- _— fraction ‘H’. 
tion ‘S’. Acid produced Acid produced 

KH,PO, (ml. N/10) in (ml. N/10) in 

added r 4 ar —" . 

g. 72 hr. 96 hr. 120hr. 72hr. 96 hr. 


None 
+0-02 
0-01 





6-10 
5-90 
5:30 
6-20 


3-70 
3-00 
2-90 
3-10. 


1530 — 

11-55 — 
7-60 : — 7 
5-80 16-80 


7:30 

7-20 

0-005 5-60 

0-02 4-00 

0-02 + Na phosphate 

buffer pH 7-2 to 

M/100 
M/200 
M/400 
M/800 





7-40 
10-00 
10-20 
12-00 


22:30 — 
23.00 3-60 
23-20 3-20 
22:30 2-90 


3-70 
5-80 
6-20 
8-00 


At this stage the concentration of KH,PO, in the 
basal medium was doubled (0-04 g./20 ml. or 0-2 %); 
this should give a safe optimum for phosphate. 
There was a pronounced rise in acid production 
which was attributed to the increased K* concen- 
tration; actually this latter was “not yet at its 
optimum (Table 4). 


Table 4. Influence of addition of KCl 


on acid production 


ml. V/10 acid 

Added produced in 

KCl —.._—"———_—_ 7 

mg. 4 66 hr. 
4-85 
5-30 
5-60 
5-30 
5-60 
5-50 


oie 
5 
7s 


Medium (20 ml.) 
17-0 
13-6 
10-2 
6-8 
3-4 


werogcns 
Cenc u 


bo 
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This represented an additional K* optimum of 
1-8 mg./20 ml. or 9mg. %, though it is possible 
that for this medium it was less than this figure. 
The general stability of result with further increase 
in K* is again encouraging. Additions as KH,PO, 
were also made and the results of a specimen ex- 
periment are given in Table 5. The optimum value 
was reached when the KH,PO, was increased by 
5 mg. KH,PO,/20 ml. or 25 mg./100 ml. 


Table 5. Influence of addition of KH,P0, 
on acid production 
(Reaction adjusted with N/10 NaOH after addition of 
further phosphate. Medium tested in 20 ml. lots.) 
Acid produced 


Added (ml. V/10) in 


72 hr. 
Basal medium : 4-0 
(0-2% KH,PO,) 
” 5-10 
4-90 


30 2- 4-75 
4-85 


10-10 
9-90 
9-45 
9-65 


” 


” 
9» 50 


The K* increase was thus 7:2 mg./100 ml. (9 mg. 
with KCl) and the total K* concentration added as 
KH,PO, was 0-065 g./100 ml. Since the Na value 
(by neutralization of free HCl) was 0-079 g./100 ml., 
the K/Na ratio for additions was at least 0-82, a 
value which approximated to that obtained for 
optimal metabolism of stored carbohydrate in cells 
of Escherichia coli as shown by Evans, Handley & 
Happold [1942]. 


The effect of variation in the Ca** concentration 


The importance of this effect is easily observed 
in Table 6. 


Table 6. Influence of addition of CaCl, 
on acid production 
Acid (ml. N/10) 


produced/20 ml. 
medium in 


Added 
05% 
CaCl, 
ml. 72 hr. 96 hr. 
Basal medium Ni Nil 
(0-2% KH,PO,) 
0-1 +35 16-10 
0-2 “BE 16-85 
0-3 2-0 23-45 
0-4 i 18-55 
0-6 . 15-40 
0-8 . 11-60 


A further series with a different liver fraction 
gave a CaCl, optimum of 0-35 ml. of 0-5% CaCl, 
solution. It will be noticed that there was a steep 
drop with excess of Ca. In view of the high con- 
centration of Ca in milk it is important that the Ca 
curve for any medium which is being used to assay 
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milk products should be made and that the Ca 
equivalent of the milk should be added to the 
control riboflavin series in each assay. It will be 
noticed that each 0-1 ml. was equivalent to 0-18 mg. 
Ca**. The Ca concentration of the medium before 
the addition of the CaCl, was 0-41 mg. Ca/100 ml., 
or 0-082 mg. Ca in each flask of test medium. 


The effect of variation in the NaCl concentration 


It was found that the basal medium prepared as 
described above did not contain an optimum con- 
centration of NaCl. Preliminary experiments 
showed that the optimum lay between 90 and 
100 mg. NaCl/20 ml. medium. The results (Table 7) 
show more exactly the value of this optimum con- 
centration and also that addition of NaCl above 
this level does not cause a serious drop in acid 
production. Thus its addition in food or tissue 
extracts will not greatly affect riboflavin assay. 
All other mineral constituents and riboflavin itself 
(0-8 n»g./20 ml.) were at an optimum for this ex- 
periment. 


Table 7. Influence of addition of NaCl 
on acid production 


NaCl/20 ml. medium ml. NV/10 acid 


mg. produced in 72 hr. 
54 (basal medium) 1-9 
89 2-25 
91 2-65 
93 3-6 
94 3-2 
95 2-9 
97 2:7 
99 2-7 
134 2-7 


Application of assay method 


Assays were carried out on cabbage, new pota- 
toes, meat and garden peas (served in British 
Restaurants), and though the Ca and K concentra- 
tion of the media used was not at the optimum the 
results obtained with the first two foodstuffs illus- 
trate the type of difficulty which may arise from 
the addition of unknown growth factors contained 
in a food extract to the basal medium. The extracts 
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were prepared by refluxing the foodstuff for 2 hr. 
with an excess of N/2 HCl and then adjusting the 
reaction of the extract to pH 6-8. The extracts 
were added to two series of media which contained 
liver extract equivalent either to 12 g. or to 6 g. of 
raw liver. The results with the meat and the garden 
peas were useless because these contained either 
further growth factors, or more probably additional 
mineral constituents such as K, in significant 
amounts. The results with cabbage and new potato 
(Table 8), which do not add significant amounts of 
the important mineral constituents, are of interest 
in that they fit the curve of riboflavin variation at 
the higher concentration of liver extract but not 
at the-lower one (Table 8 and Fig. 1). 

It will be seen that the data of Table 8 fall on 
curve A (Fig. 1) rather than on curve B. The data 
derived from the addition of 0-5 ml. extract are 
probably less reliable than the other results in 


N/10 NaOH in ml. 





0 Ot 02 03 0-4 0-5 0-6 0-7 0-8 09 10 
pg. riboflavin per 10 c.c. medium 


Fig. 1. Relationship between concentration of riboflavin 
present in the medium, and titratable acidity produced by 
growth of Esch. coli. (A) basal medium +liver extract 
equivalent to 12g. liver. (B) basal medium + liver extract 
equivalent to 6 g. liver. 


Table 8, because this dose of extract contained too 
little added riboflavin. We may therefore assume 
that cabbage contains about 41-5 g./100g. and 
potato between 160 and 195g. riboflavin/100 g., 
the latter figure probably being closer to the real 
value. 


Table 8. Influence of addition of cabbage and potato extract on acid production 


Riboflavin content (by ref. to 








Material curve A, Fig. 1) of 
equiv. to Extract a ‘ 
100 ml. added to Acid Extract added to medium 100 g. of 
Material extract medium produced a ——— material 
extracted g. ml. ml. V/10 pg. pg. cale.* pg. 
Cabbage 42-2 2-0 3-2 0-35 — 41-5 
1-5 2-5 0-26 0-26 41-7 
1-0 1-6 0-15 0-17 35-5 
Potato 18-5 1-0 3-3 0-36 _ 195-0 
0-5 1-6 0-15 —_ 163-0 


* Calculated on the assumption that the value for 2-0 ml. is correct. 
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The riboflavin content of the cabbage is probably 
41-5-41-7 pg./100 g. raw cabbage, the potato is 
probably nearer the higher value of the two pre- 
sented. 


DISCUSSION 


It is of interest that Gillespie & Rubbo [1940] re- 
ported that biotin was not essential for Cl. aceto- 
butylicum whereas the reverse was claimed by Park 
& Wood [1942]. There are marked differences in 
the mineral constituents in the media used by these 
two sets of investigators; in general the mineral 
content of the latter workers was 1/10 that of 
Gillespie & Rubbo. Park & Wood’s concentrations 
would certainly be suboptimal for the Lactobacillus 
and it is again interesting to note that they report 
an enhancement of growth with ammonium phos- 
phate instead of with asparagine. Assuming that 
both sets of results are correct it would appear that 
a change in the mineral balance of a medium has 
enabled the organism to dispense with biotin. 
Though this may seem unlikely, it does suggest 
that the amount of a growth factor necessary for 
optimum action is profoundly affected by the 
mineral balance. This lends additional emphasis 
to the main theme of this paper. 

It should be added that a series of additions have 
been made to the basal medium by a variety of 
workers. We have tested many of these compounds 
and found them inactive. Thus, adenine, guanine, 
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uracil, thymine and adenylic acid were all tried 
separately and together, and found to be inactive. 
Since these components may be of natural origin 
it seems likely to us that their reported activity 
has been due to the adsorption on to the compound 
tested of small but adequate amounts of a growth 
factor or growth factors. 


SUMMARY 


Earlier work had revealed a number of irregu- 
larities in the application of the microbiological 
method of assay for riboflavin, using Lactobacillus 
casei «. Evidence is presented to show that acid 
production can be altered by a variation in the 
concentrations of Fet*, Ca*t, K*, PO; and NaCl 
in the basal medium. Optimum concentrations for 
these constituents have been demonstrated and in 
addition it was shown that further increases in Fe**, 
K_, PO; and NaCl concentrations do not result 
in a great decrease in acid production. Further 
addition of Ca**, however, results in a serious 
decrease. The necessity for, and the effect of, the 
addition of a liver eluate to the basal medium was 
shown. The bearing of these results on the assay 
of foodstuffs for riboflavin has been discussed. 


We wish to acknowledge the generous gift of liver extract 
from Messrs Boots, Ltd., a grant from the Medical Research 
Council and a Research Scholarship in Biochemistry, held 
by one of us (M. 8.), kindly provided by Messrs Rowntree, 
York. 
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The State of Tyrosine in Egg Albumin and in Insulin 
as Determined by Spectrophotometric Titration 


By J. L. CRAMMER anp A. NEUBERGER, From the Biochemical Laboratory, Cambridge 


(Received 13 January 1943) 


Numerous studies on the reactions between protein 
and hydrogen and hydroxyl ions have yielded im- 
portant information as to the number and character 
of ionizable groups in the protein molecule. The 
detailed interpretation of the titration curves is, 
however, in many cases ambiguous. The assumption 
‘is often implicitly made that the dissociation con- 
stants of the various polar groups in proteins are 
not very different from those found in amino-acids 


or peptides. In this general form, such an assump- 
tion cannot be correct. Above and below the iso- 
electric point (1.£.P.) the protein carries a net 
positive or negative charge and the number and 
distribution of these charges will greatly influence 
the ionization of different groups. A considerable 
displacement of dissociation constants can therefore 
be expected as the net valency of the protein 
increases. Near the 1.£.P. the electrostatic effect 
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will be small, if the charge distribution is sym- 
metrical. Investigations of the effect of changes of 
temperature [Wyman, 1939], of addition of form- 
aldehyde [Kekwick & Cannan, 1936] or of iodina- 
tion [Neuberger, 1934] have in some cases been of 
assistance in apportioning parts of titration curves 
to certain groups. But the overlapping of the titra- 
tion ranges of different ionizable groups renders a 
quantitative evaluation of dissociation constants 
difficult, and sometimes impossible. It occurred to 
us that the ionization of the phenolic group of 
tyrosine in the protein might be investigated by a 
spectroscopic method, without interference from 
other groups ionizing in the same region. This would 
indicate how far charge effects in general can in- 
fluence the intrinsic dissociation constants of the 
relevant amino-acids. 

Most organic acids and bases which absorb light 
in the visible or ultra-violet region have absorption 
spectra which differ considerably from those shown 
by their respective anions or cations. pH measure- 
ments by indicators are based on such shifts in 
absorption in the visible spectrum. Similar changes 
in absorption spectra in the ultra-violet have been 
noted with phenol, and with phenol derivatives 
such as tyrosine [Stenstré6m & Goldsmith, 1926], 
and the dissociation constants thus obtained agree 
well with the values established by other means _ 
[Flexsner, Hammett & Dingwall, 1935]. Proteins" 
absorb ultra-violet light, the maximum absorption 
occurring with light of wave-length between 2750 
and 2850 A., and it has been assumed that the 
absorption above 2750 A. is due to tyrosine and 
tryptophan [Hcliday, 1936]. The spectrum of the 
latter amino-acid changes very little with pH, while 
the ionization of the phenolic group of tyrosine is 
accompaniedby an increase of the molecular ex- 
tinction coefficient, and a shift in the long wave 
maximum of about 200 A. It was thought there- 
fore that the change of the absorption spectrum of 
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a protein with change of pH could be used to 
determine the pK of the phenolic group in the 
native protein molecule. 


EXPERIMENTAL 


The tyrosine and tryptophan samples used had been re- 
crystallized several times; 3:5-diiodotyrosine was kindly 
supplied by Dr C. R. Harington. Insulin was a recrystallized 
sample obtained from Messrs Boots; we used two prepara- 
tions of thrice recrystallized egg albumin which were kindly 
put at our disposal by Prof. A. C. Chibnall, and by Dr 
K. Bailey, respectively. 

The water content of insulin was assumed to be 10% 
(personal communication from Prof. Chibnall); the con- 
centrations of the egg albumin solutions were estimated 
by the Kjeldahl method, assuming a N content of 15-7%. 
All measurements, including the pH estimations (hydrogen 
electrode), were made at 20+2°. 

The optical measurements were made with a Hilger 
medium spectrograph and Spekker photometer, using a 
tungsten-steel spark as light source. The wave-length scale 
was checked against the iron spectrum, and the maximum 
error in the relevant region was found to be 5 A. 


RESULTS 


The dissociation constant of the phenolic groups 
of tyrosine and 3:5-diiodotyrosine 


The absorption curves for tyrosine and tryptophan 
obtained by us (Table 1) differ slightly from those 
reported by Holiday [1936] and Holiday & Ogston 
[1938]. The maximum absorption of 3:5-diiodo- 
tyrosine was (Table 1) at 2910 A. in acid solution, 
with a molecular extinction coefficient of 2-31 x 10%; 
thus substitution of the two ortho positions by 
iodine produces an increase in the extinction of the 
phenolic group, and also a shift in the maximum of 
about 160 A. In alkaline solution the increase in 
absorption, as compared with that of phenol, is even 
more marked; two maxima were observed, one at 
3160 A. (e=5-26x 10%) and the other at 3060 
(«= 5-17 x 108). The values reported here for diiodo- 


Table 1. Molecular extinction coefficients of tyrosine, tryptophan and 3:5-diiodotyrosine (e x 10-*) 














r(A,) 
<2 ant ’ a Y 
Substance 2600 2650 2700 2750 2800 2850 2900 2950 3000 
Tyrosine at pH 13 1-66 114 0-96 1-14 1:50 1:80 9 215 2-30 1-97 
Tyrosine at pH 1 0-53 0-76 1-09 1-29 1-21 075 O15 0-02 ae 
3:5-Diiodotyrosine at pH 13 1-65 231 __ 3-88 
3:5-Diiodotyrosine at pH 1 1-14 1-32 1-46 1-63 2-01 2-21 2-30 +00 13 
Tryptophan at pH 13 2-95 3-82 4-32 4:88 5-43 4:37 4-10 2-29 1-25 
Tryptophan at pH 1 3-25 4:10 4-72 5-16 5-49 4-52 3-41 1-40 0-58 
d(A,) 
a = Y 
Substance 3050 3100 3150 3200 3250 3300 3350 3400 
Tyrosine at pH 13 1-25 0-70 0-35 0-09 _ —- — — 
Tyrosine at pH 1 = = 7 a a = — 
3:5-Diiodotyrosine at pH 13 5-12 4-69 5-18 4:37 3-41 2-37 1-30 0-34 
3:5-Diiodotyrosine at pH 1 0-62 0-23 — — — — — — 
Tryptophan at pH 13 0-52 0-14 0-05 — — — —_ 
Tryptophan at pH 1 0-09 : f 
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tyrosine differ slightly from those obtained by 
Ginsel [1939]. 

The phenoxide ion of tyrosine absorbs very 
strongly between 2900 and 3100A., while the 
phenolic form absorbs little or no light in this region 
(Table 1). We have therefore used the extinction 
at the three wave-lengths of 2950, 3000 and 3050 A. 
as a measure of the concentration of the phenoxide 
ion. Table 2 shows that mixtures of the two forms 
behave in accordance with the expectation that the 
absorption spectra of the two molecular species are 
additive and independent of each other. 


J. L. CRAMMER AND A. NEUBERGER 


1943 


peptide linkages changes the absorption spectrum 
of tyrosine very little [Fruton & Lavin, 1939], and 
Holiday [1936] has been able to estimate spectro- 
scopically the tyrosine and tryptophan contents of 
several proteins, with results which are in fair 
agreement with those by other methods. For other 
proteins it has been necessary to introduce a rather 
unsatisfactory correction for ‘pigment’, which has 
also been discussed by Morton [1942]. Moreover 
gelatin, which contains only traces of tyrosine and 
no tryptophan, as shown by chemical methods, 
exhibits a small but definite band at 2800 A., which 


Table 2. Spectroscopic estimation of the phenolic dissociation constant of tyrosine 


Partly neutralized solutions of tyrosine were made up by mixing solutions of tyrosine in 0-01 N HCl with appropriate 
glycine buffer mixtures, to a final ionic strength of 0-04, care being taken to avoid contamination with CO,. The con- 
centrations of the phenoxide ion at different pH values were calculated from the extinctions at three different wave- 


lengths, with the aid of the values given in Table 1. 
pH ... 9-50 

ex10-1 (a) at 2950 A. 50 
pK eale. 10-05 

(6) at 3000 A. 41 
pK cale. 10-07 

(c) at 3050 A. 28 
pK calc. 10-04 


9-72 
69 
10-03 
59 
10-07 


38 
10-08 


The values obtained for the dissociation constant 
of the phenolic group of tyrosine vary little for 
different wave-lengths and at different pH values. 
The mean value for the pK is 10-05; the dissocia- 
tion exponent for zero ionic strength—pK,—can be 
extrapolated with the aid of the simplified Debye 
equation: pKy=pK+0-5 ju. A value of 10°15 is 
thus obtained. Hitchcock [1924], by a combination 
of solubility and hydrogen electrode measurements, 
obtained two pK values for the alkaline dissociation 
of tyrosine. A pK of 9-2 was assigned to the amino- 
group, whilst the higher pK of 10-1 was assumed 
to correspond with the dissociation of the phenolic 
group. This interpretation is supported by our 
spectroscopic measurements. 

The dissociation constant of the phenolic group 
in 3:5-diiodotyrosine was measured in a similar 
manner. The extinctions of partly neutralized di- 
iodotyrosine solutions at the wave-lengths 3300, 
3250, 3200 and 3150 A. were determined and the 
pK calculated. A mean value of 6-42 was obtained. 
This is in good agreement with the value of 6-48 
obtained by Dalton, Kirk & Schmidt [1930]. 


The state of tyrosine in insulin 


The applicability to proteins of the spectrophoto- 
. metric method, thus established for tyrosine and 
diiodotyrosine, depends mainly on the validity of 
the assumptions indicated above. Can the absorp- 
tion spectra of proteins quantitatively be inter- 
preted in terms of those of their constituent amino- 
acids? It has been shown that the introduction of 


10-33 
150 
10-06 
123 
10-08 

81 
10-07 


10-50 
170 
10-05 
141 
10-06 

93 
10-04 


10-15 
127 
10-06 
107 
10-05 

72 
10-02 


9-98 
106 
10-05 

90 
10-02 

58 
10-04 


is shifted towards the red in alkaline solution 
[Anslow & Assar, 1940]; these authors ascribe this 
band, which they also find in egg albumin, to 
peptide bonds. This interpretation, however, ap- 
pears to be based on insufficient evidence. 

‘Insulin has an amino-acid composition which 
simplifies the interpretation of spectroscopic data. 
It contains 12-5% of tyrosine [du Vigneaud, 1938] 
and no tryptophan; 12-5% of cystine, which is all 
present in the disulphide form; and some phenyl- 
alanine. The ultra-violet absorption spectrum of 
insulin has been examined by several authors, and 
was found to resemble that of tyrosine [Kuhn, 
Eyer & Freudenberg, 1931; Coulter, Stone & Kabat, 
1936; Graubner, 1938]. 

Tables 3-5 and Fig. 1 give the experimentally 
determined molecular extinction coefficients of 
insulin at different pH values. With a molecular 
weight of 46,000 [Miller & Anderson, 1942], insulin 
contains 32 tyrosine and 24 cystine groups. The 
absorption of cystine in the relevant part of the 
spectrum is quite small; in order to calculate the 
tyrosine groups we have corrected, however, for 
cystine, using the values given by Ley & Arends 
[1932]. In acid solution (Table 3 and Fig. 2) the 
absorption of insulin at the maximum, i.e. between 
2700 and 2800 A., agrees quite well with the caleu- 
lated value. At shorter wave-lengths the absorption 
can obviously not be explained by tyrosine alone; 
phenylalanine may be largely responsible for this 
excessive absorption. At the longer wave-lengths, 
i.e. at 2850 A. and above, however, the absorption 
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of insulin is considerably greater than the calculated 
value, which is based on the assumption that tyro- 
sine in insulin has the same absorption as the free 
amino-acid. The curve is very steep in this region 
and a slight shift of the absorption band of tyrosine 
incorporated in protein would greatly change the 
extinction coefficients. A shift of the whole band 


10 


2600 2800 
A (A,) 


Fig. 1. 


3000 
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Absorption of insulin in alkaline solution 


In alkaline solution there is an increase of absorp- 
tion below 2650 A., which is probably not connected 
with the ionization of the phenolic group, since it 
occurs at pH 9. The absorption in the region from 


3200 


2600 2800 3000 


A (A.) 
Fig. 2. 


Fig. 1. Absorption spectrum of insulin. Curve no. 1 was obtained at pH 1, the figures 2-9 correspond to 
the pH values in Table 5, whilst curve 10 was obtained at pH 13-4. 


Fig. 2. 


by about 20 A. appears quite possible, and would 
account very satisfactorily for the whole absorption 
curve of insulin. It can be concluded that in acid 
solution the absorption of insulin above 2700 A. is 
quantitatively explained in terms of that of tyrosine 
and that of cystine bound in disulphide linkage, and 
it appears unnecessary to postulate the presence of 
other absorbing groups, or of any linkage of the 
phenolic group of tyrosine. 


Absorption spectrum of egg albumin. 


2650 to 2800 A. does not change appreciably if the 
pH is increased to 13. A further increase of alka- 
linity, however, is associated with a greatly in- 
creased absorption between 2650 and 2850 A., and 
the maximum at 2950 A., which is mainly due to 
the phenoxide ion, becomes less distinct. This 
‘unspecific’ absorption which is connected with an 
unknown change in the molecule appears to spread 
to longer wave-lengths and at pH 13-8 the extinc- 


Table 3. Molecular extinction coefficients of insulin at pH 1, with the number of 
tyrosine groups thus calculated 


\ (A) 2450 2500 2550 2600 2650 2700 2750 2800 2850 2900 
ex 10-4 2-36 1-95 2-08 2-46 3-07 3-89 4-50 4-22 3-02 1-05 
No. of tyrosine groups 9 — _— — 35-6 34-1 32-0 32-2 32-4 37-6 60-6 
calculated 
Table 4. Molecular extinction coefficients of insulin at alkaline pH, with 
the number of tyrosine groups thus calculated 
A (A.) 2750 2800 2850 2900 2950 3000 3050 3100 3150 
ex 10-4 (a) at pH 13-0 3-72 5-05 5-90 6-90 7:30 6-70 4-30 2-69 1-81 
No. of tyrosine groups calculated 29-1 315 31:2 312 304 33:5 340 364 50-4 
9 (6) at pH 13-4 — — 6-85 7-40 7-60 6-98 4-78 — _— 
No. of tyrosine groups calculated _ — 361 331 320 350 37-5 -— — 
” (c) at pH 13-8 — — 7-75 7-89 7-76 7-41 5-21 — — 
No. of tyrosine groups calculated — — 411 349 336 37:0 41-0 — 


306 
tion coefficients at 3000 and 3050 A. substantially 
exceed the calculated value. 

It will be shown later that the phenolic groups in 
insulin dissociate at a higher pH than do those in 
tyrosine, and the ionization will therefore not be 
quite complete at pH 13-0. It can be calculated 
that approximately 30 groups out of 32 are disso- 
ciated at that pH. The absorption at pH 13-0 is 
fully explained if we assume again the slight shift 
postulated above. At higher alkalinity the values 
found are much too high, which must be due to 
‘unspecific’ absorption. Generally speaking, how- 
ever, it can be concluded that the absorption curve 
of insulin between the limits of pH 1 and 13 can be 
completely accounted for by its amino-acid com- 
position, if we assume a slight shift of the curve for 
tyrosine incorporated in protein, in comparison 
with. that for the free amino-acid. 


Change of absorption of insulin 
with change in pH 


Having thus established a quantitative correla- 
tion between absorption spectrum and _ stoichio- 
metric composition, we studied the change of the 
spectrum as a function of the pH in greater detail 
(Table 5 and Fig. 1). The desired pH was obtained 


J. L. CRAMMER AND A. NEUBERGER 


1943 


of Table 1 are not very different, but the agreement 
at the same pH and different wave-lengths is less 
satisfactory. A slight error in the first assumption 
will not significantly affect the results. 

It can be seen from Table 5 that agreement at any 
one pH for different wave-lengths is satisfactory, 
but that the apparent pK increases considerably as 
the pH rises. The mean pK found for the phenolic 
group in insulin is about 11, as compared with 10-1 
for that of tyrosine. The pK is calculated as if 
insulin were a monobasic acid so far as tyrosine is 
concerned; such a method of calculation would be 
correct if the tyrosine groups were placed so far 
from each other, and from any other group which 
could influence the intrinsic pK of the phenolic 
group, as to render such an influence negligible. This 
is obviously not the case. We may safely assume 
that the effect of charged groups will be the most 
important factor; substitution by polar but un- 
charged groups will not affect the pK greatly, 
unless such substitution were to take place in the 
phenolic ring itself. Calculated for a molecular 
weight of 46,000, insulin has 8 arginine, 32 histidine, 
4 lysine and 24 free «-amino-groups [Chibnall, 
1942}. The number of free carboxyl groups is not 
known with any accuracy, but we deduce from the 
titration data of Harington & Neuberger [1936] 


Table 5. Molecular extinction coefficients of insulin at different pH values, with the pK values 
for the phenolic groups thus calculated 


pH values at which deter- 
minations were made ... 
(a) «x 10-4 at 2950 A. 
No. of phenolic groups ionized 
pK cale. 
(b) «x 10-4 at 3000 A. 
No. of phenolic groups ionized 
pk cale. 
(c) «x 10- at 3050 A. 
No. of phenolic groups ionized 
pK cale. 
pH,-pH, 


9-9 10-2 
1-46 2-27 
5-4 8-6 
10-63 10-63 
1-12 1-87 
4-6 8-0 
10-67 10-68 
6-7 1-21 
4-4 8-1 
10-69 10-67 
0-55 0-55 


by mixing CO,-free NaOH. with a portion of a 
concentrated solution of insulin made up in 0-01N 
HCl, and diluting to the required volume; the ionic 
strength in most instances was less than 0-01. The 
time interval between the addition of alkali, the 
completion of the spectroscopic measurements, and 
the estimation of pH, was less than 10 min. The 
calculation of the pK was based on the assumption 
that 94% of the tyrosine groups in insulin are 
ionized at pH 13, which is equivalent to an effective 
pK of 11-8 over the very alkaline range. It is 
further assumed that the differences between the 
absorption spectra at pH 1 and 13, within the limits 
of 2950 and 3050A., are entirely due to tyrosine; 
the shift in the tyrosine spectrum is thus taken into 
account. The pK values calculated from the data 


13-0 
7:30 
30-0 
11-82 
6-7 
30-0 
11-82 
4-30 
30-0 
11-82 
1-7 


12-3 
6-44 

26-3 

11-64 


11-35 
4-56 
18-4 
11-25 
411 
18-2 
11-23 
2-94 
20-3 
11-12 
1-l 


11-8 
5-04 
20-4 
11-55 
4-53 
20-1 
11-57 
3°25 
22-5 
11-43 
1-4 


10-8 
3-88 
15-5 
10-83 
3°39 
15-4 
10-83 
2-47 
17-0 
10-75 
0:7 


10-45 


2-76 
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that there are approximately 50 such groups. At 
pH. 9-9 all the iminazole and most of the «-amino- 
groups will be ionized, while all the guanidino and 
most of e-amino-groups will still retain their positive 
charges. The total net charge of the insulin molecule 
at that pH will be approximately — 40. At pH 12:3 
most of the tyrosine groups will have dissociated, 
most of the lysine groups become unionized, and 
the net charge increased to about —70. The in- 
crease in apparent pK of the phenolic group 
runs parallel with this increase of net charge of 
the molecule, and it is concluded that the shift 
of the apparent pK of tyrosine in the protein, as 
compared with that of free tyrosine, is largely 
accounted for by the increase in the negative charge 
of the protein as the pH is raised. On this ‘net 
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electrostatic effect’ there may be superimposed a 
specific local effect of some substituents, say of 
neighbouring guanidino groups, on particular tyro- 
sine groups, but such specific local effects are 
probably of minor importance compared with that 
of the total net charge. It has so far been assumed 
that the charge distribution on the surface of the 
protein molecule is symmetrical ; there is no definite 
evidence that this is so in the case of insulin. The 
low dipole moments found for many proteins 
[Oncley, 1942] seem to indicate, however, that 
proteins in general do not show any marked asym- 
metry of charge distribution and, in the absence of 
any evidence to the contrary, this generalization is 
considered to apply to insulin too. 

Instead of considering the pH as constant 
throughout the solution, and treating the pK of the 
phenolic group as a variable dependent upon the 
net charge, we might equally well, and perhaps more 
usefully, consider the intrinsic ionization tendency 
of the ionizing group as constant, and the pH on 
the surface of the protein—pH,—as variable and 
depending on the bulk pH—pH,—and on the net 
charge [Danielli, 1937; 1941; Hartley & Roe, 1940]. 
Because of its negative charge, the surface of the 
protein at an alkaline pH will contain more protons 
than the bulk of the solution, and the ultra-violet 
‘colour’ of the phenolic groups will serve as an 
indicator of pH,. It must be remembered, however, 
that the pH of the surface as defined by our mea- 
surements is not quite the same as the pH, as used 
by Danielli [1941] in his study on the ‘protein 
error’ of indicators. In the latter case the pH of 
a volume element of ihe solvent adjoining the sur- 
face is considered, while we estimate the pH at a 
point on the actual surface of the molecule itself. 
The differences between bulk pH and surface pH, 
which are numerically identical with the differences 
between the pK of the phenolic group in the protein, 
and that of free tyrosine, are recorded in Table 5; 
the values are not strictly accurate, since no correc- 
tion for the variation of ionic strength was made, 
but they give an indication of the magnitude of the 
shift of pK with increasing net charge, according to 
the first view, or of the difference between pH, and 
pH, according to the Hartley-Danielli definition. 

If the generalization be accepted that the surface 
of protein molecules is electrically uniform, then 
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the change of the dissociation constants of ionizable 
groups in the protein is entirely dependent on the 
size, shape and net charge of the molecule. Spherical 
molecules of the same molecular-weight class, like 
egg albumin and insulin, should therefore show an 
identical behaviour if the net charge is the same. 
It can also be predicted that in the neighbourhood 
of the 1.£.P. the dissociation constants will be ap- 
proximately the same as those found in the simple 
amino-acids or peptides, whilst in very acid media, 
or in most cases even more in alkaline solution, a 
considerable shift is to be expected. 

Most of the spectroscopic data refer to a molecule 
outside the stability range of insulin, as defined by 
the sedimentation method [Miller & Anderson, 
1942]. The changes occurring at moderate alka- 
linity are, however, reversible [Sjogren & Svedberg, 
1931] and we believe that our data, which were 
obtained at pH values of 12 or less, represent charac- 
teristics of the unchanged, or reversibly-changed, 
insulin molecule. 


Absorption spectrum and composition 
of egg albumin 


Egg albumin presents a much more complicated 
picture. In acid solution there is a point of maxi- 
mum absorption at about 2800 A.; at pH 13 there 
is very marked increase of absorption between 2950 
and 3150 A. and the maximum is shifted to about 
2900 A. (Fig. 2). Qualitatively this behaviour is to 
be expected for a molecule containing both tyrosine 
and tryptophan. The quantitative analysis of the 
spectrum in terms of these two amino-acids is, 
however, not quite satisfactory. 

There is a certain amount of disagreement about 
the molecular weight of egg albumin; we have 
accepted Chibnall’s [1942] figure of 43,000 which is 
in fair agreement with most recent data. We have 
also used his data for tyrosine and tryptophan, i.e. 
we assume that egg albumin contains 10 tyrosine 
and 3 tryptophan groups per molecule. Table 6 
gives the molecular extinction coefficients found at 
different pH values, and also the calculated extine- 
tion coefficients. The latter data were obtained by 
use of the figures for extinction coefficients given in 
Table 1, with the assumption that no phenolic 
groups are dissociated at pH 9-5 and that all 
10 groups are ionized at pH 13. 


Table 6. Molecular extinction coefficients of egg albumin 
A (A.) .. 2500 2550 2600 2650 2700 2750 2800 2850 2900 2950 3000 3050 3100 
ex 10-4 

(a) atpH 49 Found 1-12 1-13 145 1-81 2-26 2-51 2-85 2:55 190 086 048 — = 
Cale. — — 150 1:99 250 2-84 286 2-11 117 044 018 — a 

(6) atpH9-5 Found 1-48 1-27 1:70 1:90 2-54 2:83 2-83 2-66 200 1:16 068 035 0-19 
Calc. — — 142 191 239 2-84 2-84 2-21 1:38 0-71 038 0-16 0-04 

(c) atpH 13-0 Found — ~ -- — 265 328 3-28 3-42 350 3-28 2-73 1:51 0-95 
Calc. — — — — 225 3-13 3:13 3:26 338 3-04 2-34 1-41 0-74 
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At pH 4-9 the agreement between calculated and 
found values is quite satisfactory at the maximum, 
i.e. at 2800 A.; at the shorter wave-lengths the 
experimental values are too low by about 10%, 
while at 2850 A. and higher the extinction coeffi- 
cients found are much larger than those calculated. 
These very high values at longer wave-lengths are 
also observed at pH 9-5, and to a lesser extent at 
pH 13. This discrepancy, which is here more marked 
than is the case with insulin, may be due to a 
number of causes. The absorption bands of tyrosine 
and tryptophan present in the protein may differ 
from those of the free amino-acids. Such a shift 
would be expected if these groups were linked to 
other groups by hydrogen bonds [Morton & Stubbs, 
1940]. An examination of the fine structure of the 
tryptophan band in the egg albumin spectrum has 
revealed such a shift towards longer wave-lengths 
[Holiday, 1942]. It is also possible that another 
group is responsible for the increased absorption, as 
has been suggested by Anslow & Assar [1940]. 
A third possibility is that some of the increased 
‘absorption’, particularly that above 3200 A., is 
actually due to scattering of light, but an extra- 
polation to shorter wave-lengths with Rayleigh’s 
formula, which was attempted by Custers, de Boer 
& Dippel [1933] for gelatin, appears unsatisfactory, 
since the refractive index of the protein for the 
light which is absorbed by the molecule, will prob- 
ably be different from that found for light to which 
the protein is transparent. It seems unlikely that 
the discrepancy found can be explained by scat- 
tering. If allowance is made for the shift of absorp- 
tion bands in the protein, the absorption spectrum 
of egg albumin between pH 1 and 13 can be almost 
quantitatively explained in terms of tyrosine and 
tryptophan, so that the change observed between 
pH 9-5 and 13-0 must be mainly due to the ioniza- 
tion of the phenolic group. An exact quantitative 
estimation on the basis of the present data is, 
however, somewhat uncertain. 


Change of absorption spectrum of egg albumin 
on denaturation 


If the pH of an egg albumin solution is increased 
from 9-5 to 12 little change in the absorption 
spectrum occurs, but if the pH is raised to 13 the 
spectrum changes very markedly (Table 6 and 
Fig. 2). If a solution exposed to pH 13 be brought 
back to pH 12 the absorption between 2900 and 
3150 A. is very much larger than that of a solution 
of pH 12 and the same ionic strength not pre- 
viously exposed to pH 13 (Fig. 3). Exposure to 
pH 13 also denatured the protein, and it appeared 
likely that the irreversible change of the absorption 
spectrum, and the denaturation, were interrelated 
phenomena. This was shown to be the case. De- 
naturation by acid, urea, alkali and heat all pro- 
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duced the marked increase of absorption at pH 12, 
for wave-lengths above 2850 A. (Table 7). Denatu- 
ration was demonstrated by the appearance of a 
precipitate on adjusting the pH to about 5, and 
also by a positive nitroprusside reaction. Exposure 
to pH 12 for 72 hr. at room temperature produced 
no denaturation and no change of absorption 


0 
2700 2900 


A(A,) 


Fig. 3. Absorption spectrum of native and 
denatured egg albumin at pH 12. 


3100 


spectrum. Denaturation at pH 13, however, ap- 
peared to be instantaneous. This is in agreement 
with the findings of Cannan [1942], who noted that 
the speed of denaturation of egg albumin by alkali 
is proportional to the fourth power of the hydroxyl 
ion concentration. 

The extinction coefficients of preparations of the 
same protein which have been denatured by 
different means are approximately the same, and 
the increase in absorption must be connected with 
the mechanism of denaturation. The lack of ioniza- 
tion of the phenolic groups in the native protein, 
demonstrated here spectroscopically, is also con- 
firmed by the titration data of Cannan, Kibrick & 
Palmer [1941]. The absorption spectrum indicates 
that on denaturation the phenolic groups are able 
to ionize at a pH lower than 12. This interpretation 
is supported by the change of absorption of the, 
denatured protein with pH. Our data do not permit 
of an accurate estimation of the dissociation con- 
stant of the phenolic group in the denatured pro- 
tein; the pK appears, however, to lie between 11-4 
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Table 7. Absorption spectra of native and of 
denatured egg albumin 


The stock egg albumin solution contained 7-59 g. of 
protein/100 ml. of solution. For urea denaturation 1-89 g. 
of urea was added to 2 ml. stock solution, and the mixture 
was allowed to stand for 45 min. Acid denaturation was 
produced by adding 3 ml. 0-1N HCl to 1 ml. of stock 
solution and keeping the mixture at 35° for 6 hr. Heat- 
denatured protein was obtained by adjusting the protein 
solution first to pH 7-5, and then heating it to 85° for 
8 min. At that pH the solution remained clear. After 
dilution of these solutions, their pH was suitably adjusted 
by the addition of acid or alkali. 


Egg-albumin solution A(A) ex 10- 
(a) Urea-denatured at pH 10-75 2950 1-51 
3000 0-96 
3050 0-55 
(b) Urea-denatured at pH 11-55 2950 2-01 
3000 1-53 
3050 0-96 
(c) Urea-denatured at pH 12-0 2950 2-78 
3000 1-89 
3050 1-25 
(d) Alkali-denatured at pH 12-0 2950 2-75 
3000 1-84 
3050 1-21 
(e) Acid-denatured at pH 12-0 2950 2-70 
3000 1-78 
3050 1-18 
(f) Heat-denatured at pH 11-3 2950 1-60 
3000 0-97 
3050 0-60 
(g) Heat-denatured at pH 12-0 2950 2-60 
3000 1-71 
3050 1-18 
(h) Native at pH 12-0 2950 1-49 
3000 0-95 
3050 0-50 


and 11-8, a value not very different from that found 
for insulin. The difference in extinction coefficients 
between native and denatured protein at pH 12 
corresponds to the ionization of 5-6 tyrosine groups, 
and from the probable value of the pK it must be 
concluded that at least 7-8 phenolic groups are 
concerned. It is possible that about 2 phenolic 
groups can ionize in the native protein, and this 
may account for the slight increase of absorption 
observed between pH 9 and 12; but this is un- 
certain. 

The interpretation of the spectroscopic changes 
in terms of the acquired ionization of the phenolic 
groups on denaturation appears well founded, but 
the cause of this is, at present, a matter for specu- 
lation. It may be that phenolic groups in the native 
protein have pK values larger than 12-5, due to the 
specific configuration of the molecule, and that on 
denaturation the unfolding of the protein causes a 
change in pK. Such an assumption implies a highly 
asymmetrical charge distribution in the native pro- 
tein which is very unlikely. It is also possible that 
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the tyrosine groups are not on the surface of the 
molecule and are thus not able to react with 
hydroxyl ions. This interpretation also seems im- 
probable; it is unlikely that the interior of the 
molecule is inaccessible to small ions like OH-. 
Furthermore this theory would claim a position for 
tyrosine groups different from that of all other 
ionizable groups, which can react normally with 
H+ and OH-. It seems most probable that the 
phenolic OH groups are bound, in the native pro- 
tein, in a linkage which is broken by denaturation. 
This interpretation is supported by the behaviour 
of native and denatured egg albumin to reagents 
such as ferricyanide [Mirsky & Anson, 1936], Folin’s 
phenol reagent [Herriott, 1938] and porphyrindine 
[Brand & Kassell, 1940]. 

Mirsky & Pauling [1936] have postulated hydro- 
gen bonds in proteins and have suggested that the 
breaking of such bonds may be largely responsible 
for denaturation. Phenols are known to form com- 
paratively strong H bonds, but most relevant obser- 
vations have been made either in non-polar solvents 
or on crystals. One of the few examples of H bond 
formation in water of phenols with groups other 
than those of the solvent molecules is that with 
salicylic acid or the salicylate ion, and a similar 
type of bond between the phenolic group of tyrosine 
and a carboxyl group of another amino-acid residue 
may exist in native proteins. The negative charge 
of the COO- ion would stabilize the bond appre- 
ciably, and the bond would definitely increase the 
acid strength of this COOH, as in the case of 
salicylic acid [Branch & Yabroff, 1934]. SH groups 
may also be masked by the formation of weaker 
hydrogen bonds [Hopkins & Hunter, 1942]. More- 
over, unknown groups may be concerned in a 
similar bond formation. The large number of such 
bonds, of which those formed by tyrosine will 
probably be the strongest and therefore the most 
important, would endow the native configuration of 
the protein with a certain degree of stability.* 
Strongly alkaline solution will cause ionization of 
the phenolic groups and thus break the hydrogen 
bonds; in order to effect denaturation it may be 
necessary to break several of these bonds simul- 
taneously and thus the speed of denaturation will 
increase with a high power of the OH- concentra- 
tion [Cannan, 1942]. The mechanism of denatura- 
tion by heat at neutral pH may be very similar, and 
may also involve ionization of the phenolic hydroxyl 
group. Denaturation by acid may be due to a 
different mechanism. Addition of H+ to COO- will 
transform a strong H bond, stabilized by the 
negative charge, into a weaker bond, although no 
definite figures can be given for the relative bond 
energies in the acid and in the ion. Such a picture 

* Brand & Kassell [1942] have very recently suggested 
a similar theory for the denaturation of lactoglobulin. 
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of denaturation, in which the H bonds formed by 
the phenolic group are largely, but not exclusively, 
responsible for the configuration of the native pro- 
tein, is in accordance with other known facts. If a 
protein is irradiated with ultra-violet light it be- 
comes either denatured, or changed in such a way 
that it becomes insoluble on a very slight increase 
of temperature [Clark, 1935]. It has also been 
found by Svedberg & Brohult [1938] that haemo- 
cyanin is split by irradiation with light of A= 2800 A. 
If hydrogen bonds formed by phenolic groups are 
present in these native proteins, then these effects 
of irradiation with light which is absorbed by the 
tyrosine grouping, are not surprising. Insulin cannot 
be denatured according to the usual meaning of the 
word; its tyrosine groups also appear to be free and 
able to ionize. We may assume that the large 
number of —S—-S— bonds present in the molecule 
are largely responsible for the stability of this 
protein. 


SUMMARY 


1. The change of the absorption spectrum with 
pH has been used to estimate the dissociation 
constants of the phenolic groups of tyrosine 
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and of 3:5-diiodotyrosine. pK values of 10-15 
and 6-4 respectively were obtained, which 

in good agreement with those obtained by other 
methods. 

2. The absorption spectrum of insulin can be 
accounted for by the tyrosine and cystine present 
in the molecule if a slight shift of the tyrosine band 
in the protein be assumed. The change of the insulin 
spectrum with pH indicates that the pK of the 
phenolic group increases as the pH is raised. Thig 
change in the dissociation constant is assumed to 
be due mainly to the increasing net charge of the 
protein. 

3. The absorption spectrum of egg albumin 
cannot be quantitatively interpreted in terms of its 
content of tyrosine and of tryptophan. The changes 
of absorption with pH, however, clearly indicate) 
that in the native protein few or none of the phenolie 
groups are able to ionize, whilst after denaturation 
the occurrence of ionization can be demonstrated 
spectroscopically. The bearing of these results on 
the mechanism of denaturation is discussed. 


The authors wish to express their thanks to the Medical} 
Research Council for personal grants to both of them. 


REFERENCES 


Anslow, G. A. & Assar, S. C. [1940]. J. opt. Soc. Amer. 
31, 118. 

Branch, G. E. K. & Yabroff, D. L. [1934]. J. Amer. chem. 
Soc. 56, 2568. 

Brand, E. & Kassell, B. [1940]. J. biol. Chem. 133, 437. 

[1942]. J. biol. Chem. 145, 365. 

Cannan, R. K. [1942]. Chem. Rev. 30, 395. 

—— Kibrick, A. C. & Palmer, A. H. [1941]. Ann. N.Y. 
Acad. Sci. 41, 243. 

Chibnall, A. C. [1942]. Proc. roy. Soc. B, 131, 136. 

Clark, J. H. [1935]. J. gen. Physiol. 19, 199. 

Coulter, C. B., Stone, F. M. & Kabat, E. A. [1936]. J. gen. 
Physiol. 19, 739. 

Custers, J. F. H., de Boer, J. H. & Dippel, C. J. [1933]. 
Rec. Trav. chim. Pays-bas, 52, 193. 

Dalton, J. B., Kirk, D. L. & Schmidt, C. L. A. [1930]. 
J. biol. Chem. 88, 589. 

Danielli, J. F. [1937]. Proc. roy. Soc. B, 122, 155. 

[1941]. Biochem. J. 35, 470. 

Flexsner, L. P., Hammett, L. P. & Dingwall, A. [1935]. 
J. Amer. chem. Soc. 51, 2103. 

Fruton, J. 8. & Lavin, G. I. [1939]. J. biol. Chem. 130, 
375. 

Ginsel, L. A. [1939]. Biochem. J. 33, 428. 

Graubner, W. [1938]. Z. ges. exp. Med. 63, 527. 

Harington, C. R. & Neuberger, A. [1936]. Biochem. J. 
30, 809. 

Hartley, G. S. & Roe, J. W. [1940]. Trans. Faraday Soc. 
36, 105. 

Herriott, R. M. [1938]. J. gen. Physiol. 21, 501. 


Hitchcock, D. I. [1924]. J. gen. Physiol. 6, 742. 

Holiday, E. R. [1936]. Biochem. J. 30, 1795. 

[1942]. Personal communication. 

& Ogston, A. G. [1938]. Biochem. J. 32, 1166. 
Hopkins, G. & Hunter, L. [1942]. J. chem. Soc. p. 638. 
Kekwick, R. A. & Cannan, R. K. [1936]. Biochem. J. 

30, 235. 

Kuhn, W., Eyer, H. & Freudenberg, K. [1931]. Hoppe 
Seyl. Z. 202, 97. 

Ley, H. & Arends, B. [1932]. Z. phys. Chem. B, 17, 177. 

Miller, G. L. & Anderson, K. J. L. [1942]. J. biol. C 
144, 459. 

Mirsky, A. E. & Anson, M. L. [1936]: J. gen. Physio 
19, 451. 7 

—— & Pauling, L. [1936]. Proc. nat. Acad. Sci., Was 
22, 439. 

Morton, R. A. [1942]. The Application of Absorption 
Spectra to the Study of Vitamins and Hormones, 2né 
ed. London: Adam Hilger. 

& Stubbs, C. A. [1940]. J. chem. Soc. p. 1347. 
Neuberger, A. [1934]. Biochem. J. 28, 1982. 

Oncley, J. L. [1942]. Chem. Rev. 30, 433. 

Sjogren, B. & Svedberg, T. [1931]. J. Amer. chem. Soe 
53, 2657. 

Stenstrém, W. & Goldsmith, N. [1926]. J. phys. C 
30, 1683. 

Svedberg, T. & Brohult, 8. [1938]. Nature, Lond., 142, 830 

du Vigneaud, V. [1938]. Cold Spr. Harb. Symp. Quant 
Biol. 6, 275. 

Wyman, J. Jr. [1939]. J. biol. Chem. 127, 1. 





»ther 


n be 
assent 
band 
sulin 
’ the 
This 
od to 
f the 


umin 
of its 





